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PREFACE 
This study was part of a large collaborative project, the Faunal Fire Refuges Project, 
conducted by Deakin and La Trobe Universities, and funded by the (then) Victorian 
State Department of Sustainability and Environment. The project was initiated 
following the extensive and severe ‘Black Saturday’ wildfires in central Victoria in 
2009. It aimed to understand the effects of the fire regime on biodiversity, and the 
potential role of unburnt forest, prior planned burning and topographic variation in 
creating faunal ‘refuges’ in the flammable foothill forests of Victoria, south-eastern 
Australia. Multiple taxa were examined including mammals, birds, invertebrates and 
plants. My project focused on mammal species. The core project team included 
principal scientists, Prof. Andrew Bennett and Prof. Michael Clarke; project officer 
Dr. Steve Leonard; and PhD students Natasha Robinson, Michelle Bassett, and myself. 
Extensive site mapping was conducted by Natasha Robinson. The overall study design 
and selection of ~90 sites, stratified by fire severity and fire history was conducted by 
the core team.  
This thesis comprises eight chapters. Research chapters (3-6) were written with the 
intention of eventual publication in peer-reviewed journals, and contain a separate 
abstract, introduction, methods, and discussion. Chapter 3 has been published in 
Ecosphere, and Chapter 4 has been published in Forest Ecology and Management. 
These chapters are written with the plural pronoun (we) to acknowledge the 
contributions of all co-authors, whilst the remaining chapters of the thesis refer to the 
singular pronoun (I). Efforts were taken to minimize repetition in relation to 
description of the study area and methods in Chapters 5-7, by referring to the relevant 
parts of earlier chapters. References for all chapters are combined and included in a 
single section towards the end of the thesis.  
This thesis presents my work, as part of the broader project, investigating the effects 
of large fires, fire regime components and landscape heterogeneity on mammals. My 
colleague, Michelle Bassett, and I worked as a team in collecting the data on mammals 
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for the overall project. We co-developed the study design specifically for native and 
introduced mammal species, and conducted field surveys and data entry for all 
mammals, including spotlight surveys, camera trap surveys and live trapping 
(Chapters 3-7). However, in preparing theses, we have each addressed different topics 
with different analyses in an independent manner.  
In addition to collaborative study design and field survey work above, I undertook the 
following in this thesis independently: 
x Reviewed the literature and theory on fire, mammals and lyrebirds 
x Developed the study design specifically for arboreal mammals (Chapter 3) 
x Conducted site selection for the isolation study for arboreal mammals (Chapter 3)  
x Conducted all statistical analyses in this thesis 
x Collated and prepared all tables and figures in this thesis 
x Wrote initial drafts of all chapters in this thesis, and revised and collated 
contributions by co-authors for the two chapters submitted for publication. 
The research chapters (Chapters 3-7) include aspects of work contributed by co-
authors. For published or submitted manuscripts (Chapters 3-4), specific contributions 
from co-authors are outlined in two separate authorship statements (following). In 
addition, for Chapter 5, Euan Ritchie provided critical comments and input, and Dale 
Nimmo provided advice on statistical analysis. For Chapter 7, Steve Leonard 
conducted habitat surveys. Discussions about statistical methods included Andrew 
Bennett, Michelle Bassett, Dale Nimmo and Greg Holland. Andrew Bennett (as 
principal supervisor) provided scientific guidance and critically commented on the 
entire thesis for intellectual content. 
During this research, I also contributed to two other published manuscripts, and a 
published brochure, as part of the Faunal Fire Refuges Project (see Appendices 1-3):  
 iii 
Bassett, M., Chia, E.K, Leonard, S., Holland, G., Nimmo, D., Clarke, M.F. & Bennett, 
A.F. (2015) The effects of topographic variation and the fire regime on coarse woody 
debris: insights from a large wildfire. Forest Ecology & Management, 340, 126-134.  
Leonard, S.W.J., Robinson, N.M., Bassett, M., Chia, E.K., Ritchie, E., Buckingham, 
S., Murphy, N., Gibb, H., Schofield, J., Gibson, M, Bennett, A.F. & Clarke, M.F. 
(2014) Refuges for flora and fauna in fire-prone landscapes. La Trobe University, 
Melbourne. 
Robinson, N.M., Leonard, S.W.J., Ritchie, E.G., Bassett, M., Chia, E.K., 
Buckingham, S., Gibb, H., Bennett, A.F. & Clarke, M.F. (2013) Refuges for fauna in 
fire-prone landscapes: their ecological functions and importance. Journal of Applied 
Ecology, 50, 1321-1329. 
This research was conducted under Department of Sustainability and Environment 
permit (10005478) and Deakin animal welfare permit (A56-2010). 
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ABSTRACT 
Fire is a primary disturbance process in forest ecosystems across the globe. The fire 
regime experienced in an ecosystem can have major impacts on biodiversity by 
influencing the occurrence of species, the composition of communities, and the 
process of species succession. Fire regimes can influence the distribution and 
abundance of faunal species at different spatial scales, by altering habitat suitability at 
a site and the spatial heterogeneity of habitat quality in the surrounding landscape. 
Altered fire regimes, climate change impacts on fire activity, and their synergies with 
other threatening processes such as introduced species, are likely to significantly affect 
the distribution and abundance of fauna in forest ecosystems. Hence, the effect of fire 
on biodiversity is an important theme in ecological research, and in the conservation 
and management of fire-prone ecosystems. Despite this, the effects of different 
components of the fire-regime and the influence of landscape heterogeneity on the 
occurrence of animal species are rarely examined together.  
The aim of this research was to understand how large fires, fire regime components 
and landscape heterogeneity influence the occurrence of fauna in the temperate 
eucalypt forests of south-eastern Australia, one of the most fire-prone forest 
ecosystems in the world. This was achieved by investigating the relative influence of 
i) wildfire severity and the pre-wildfire burning history at individual sites, and ii) fire-
created heterogeneity in the surrounding landscape, on the distribution and relative 
abundance of animal species. The study was undertaken in the foothill forests of the 
Central Highlands of Victoria, in the Kilmore-Murrindindi fire complex, in which ~ 
250 000 ha of forest was burnt as part of the severe and extensive ‘Black Saturday’ 
wildfires of 2009. The occurrence of four groups of forest fauna were examined at 2-
3 years after wildfire: arboreal mammals, native terrestrial mammals, introduced 
terrestrial mammals, and the superb lyrebird (Menura novaehollandiae), a ground-
dwelling bird species regarded as an ecosystem engineer in moist eucalypt forests.  
Spotlight surveys were conducted at night to investigate the occurrence of arboreal 
mammals: first, to examine the influence of topography, wildfire components and 
 xxii 
landscape context at 24 sites; and second, at an additional 14 severely burnt sites, to 
test the effects on arboreal mammals of isolation from unburnt forest. Forested gully 
sites contained more arboreal mammals than forest slopes. Fire severity was the 
strongest driver of arboreal mammal abundance, with higher numbers recorded in 
unburnt than severely burnt sites. Fire interval had little influence. When considering 
severely burnt sites, landscape context was important: the number of arboreal 
mammals at severely burned sites was higher with increasing area of unburnt and 
understorey-only burnt forest within a 1 km radius. These results support the 
hypothesis that unburnt forest and moist gullies provide important habitat that 
enhances both the persistence and recolonisation of arboreal mammals, and hence are 
serving as refuges in the early post-fire environment.  
Camera surveys were carried out at 80 sites, each of which comprised a gully and 
adjacent slope, stratified to represent different levels of fire severity and fire history. 
Thirteen species of native terrestrial mammals were detected, records of eight species 
were sufficient for analysis. Most species were widespread: seven species were 
recorded in all fire severity classes (unburnt, understorey burnt, severely burnt, 
reference). Whilst fire severity was the most influential variable at the site-level, for 
most species this effect was not strong. The amount of unburnt forest and the 
heterogeneity in fire severity in the surrounding landscape had limited influence on 
mammal occurrence at sites. It appears that mammal species have either survived in 
situ or they have recolonised rapidly within 2 years of a severe wildfire. Rapid 
regeneration of understorey vegetation following above-average, drought-breaking 
rains in 2010, has provided suitable habitat for most species. 
Six species of introduced terrestrial mammal were detected by camera surveys, four 
of which were examined in detail. The house mouse (Mus musculus), black rat (Rattus 
rattus), red fox (Vulpes vulpes), and feral cat (Felis catus) were widespread and present 
in all classes of fire severity. Surprisingly, the black rat was the only species that was 
influenced by fire severity and topography at the site-level: higher recording rates were 
present in burnt (understorey and severely burnt) than unburnt sites, and in moist 
gullies than on drier slopes. Few associations were apparent between the spatial 
occurrence of introduced and native species. Fire and landscape heterogeneity had a 
 xxiii 
limited effect on the occurrence of introduced species at 2-3 years after fire, likely 
because of their ability to adapt to a variety of habitats, and in response to the rapid 
regeneration of understorey vegetation.  
The distribution of the superb lyrebird, as revealed by camera surveys, was influenced 
by both the fire severity and fire history at sites; but with no evidence for an effect 
arising from fire-related patterns in the surrounding landscape. A higher recording rate 
was evident at unburnt sites compared with severely burnt sites. For sites burnt in the 
2009 wildfire, there was a lower recording rate at those with recent prior fire (< 3 
years) than those with a longer fire history (> 20 years). Topographic position 
moderated the effect of fire severity, with gullies favoured over slopes. Greater shrub 
cover (< 2 m) in gullies was the only habitat component that positively influenced the 
recording rate of this species. Unburnt patches and mesic gullies are valuable habitat 
for the superb lyrebird at 2-3 years after wildfire. They support the persistence of the 
superb lyrebird within the burnt landscape by providing important habitat and 
resources (e.g. foraging substrates, food, and cover) in the post-fire environment.  
These results highlight the role of wildfire severity as an important driver of the 
occurrence of forest fauna at the site-level at 2-3 years post-fire, by its influence on 
the suitability of forest habitat. Unexpectedly, landscape heterogeneity generated by 
fire had limited effects on most species, probably because animals were responding to 
the rapid regeneration of vegetation. These results also have implications for the 
conservation and management of fire-prone ecosystems. First, during the development 
of fire management plans, it is important to consider individual responses and habitat 
requirements after fire. Second, fire management activities, such as strategic planned 
burns, that can increase the number of unburnt patches likely to occur after wildfire 
(particularly in valuable areas such as topographic gullies) will be of particular benefit 
to the persistence of fire-sensitive species. Third, longer intervals between fires to 
preserve habitat complexity at forest sites are recommended for species that are 
detrimentally influenced by fire severity and short fire intervals; and for species that 
rely on complex habitat structure or mature forest stands (e.g. with large hollow 
bearing trees). Fourth, management of introduced species is likely to be most effective 
immediately following wildfire when vegetative cover is greatly reduced, and could 
 xxiv 
be targeted in locations known to have important populations of native species, or in 
habitat areas that are valuable for native fauna after fire, such as unburnt forest patches.  
This broad-scale survey has uniquely investigated the effects of fire regime 
components and landscape heterogeneity on multiple species at 2-3 years after a severe 
wildfire. Building from this study, further work could examine species succession over 
a longer time period (i.e. a longitudinal study) and recovery under different climatic 
circumstances (e.g. extended drought). In addition, further research is needed on the 
effects of fire and landscape heterogeneity on the mechanisms that underpin the 
responses of fauna; such as mortality and in situ survival at the time of the fire, 
recolonisation, demographic changes and species interactions (e.g. predation, 
competition). Such knowledge would build on the distributional patterns identified 
here, and further enhance the management and conservation of biodiversity in fire-
prone landscapes. 
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1-1 Impacts of large fires and the fire regime  
Fire is a recurring natural disturbance that plays an important role in the ecology of 
many biomes around the world (Sousa, 1984; Pickett et al., 1989; Keeley et al., 1999; 
Stocks et al., 2002; Boer et al., 2008; de Groot et al., 2013; Smit et al., 2013; Moreno 
et al., 2014). Fires can shape and transform ecosystem structure and function by 
reducing plant biomass, and altering vegetation structure and composition; thereby 
influencing the distribution and abundance of animal species, and the composition of 
faunal communities (Fox, 1982; Bond & Keeley, 2005; Bond et al., 2005; Burton et 
al., 2008; Bowman et al., 2009; Hoffmann et al., 2012; Bowman et al., 2013). 
Important ecological processes, such as nutrient cycling and carbon fixation, are also 
affected by fire (Harden et al., 2000; Bond-Lamberty et al., 2007; Burton et al., 2008). 
Large fires may alter soil hydrology and sediment yields when the burning of 
vegetation increases surface runoff and erosion, which can lead to damaging debris 
flows (Cawson et al., 2012; Goode et al., 2012; Moody et al., 2013). There are also 
important social and economic consequences of large fires, including loss of human 
life, and impacts on infrastructure and built assets, water supply and agricultural 
production (Gill & Allan, 2008; Pausas et al., 2008; Bowman et al., 2009; Gill & 
Stephens, 2009; Bowman et al., 2011; Moritz et al., 2014).  
Fire activity in fire-prone regions is predicted to change with climate change, 
threatening biodiversity in ecosystems around the world (Shlisky et al., 2007; 
Flannigan et al., 2009; Loarie et al., 2009; Moritz et al., 2012). Climbing temperatures, 
consequent drought, and increased fuel loads are predicted to lead to a greater 
frequency of large and severe fires, and initiate longer and more severe fire seasons in 
many areas of the globe (Flannigan et al., 2009; Wotton et al., 2010; Westerling et al., 
2011; Attiwill & Binkley, 2013; Flannigan et al., 2013; Stephens et al., 2013; 
Williams, 2013). Decreases in fire activity may also occur in some ecosystems, but 
longer fire intervals could increase the susceptibility of fire-prone areas to severe 
wildfire (Moritz 2012). Climate change, fire and their synergies with other threatening 
processes such as invasive species, can pose a threat to biodiversity via declines in 
species’ abundance or the loss of species from ecosystems (Thomas et al., 2004; 
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Shlisky et al., 2007; Brook, 2008; Brook et al., 2008; Griffiths & Brook, 2014; 
Doherty et al., 2015). It is important, therefore, to understand the effects of fire and 
the fire regime on biodiversity, not only to advance ecological knowledge, but also for 
the effective management and conservation of the flora, fauna and ecosystems in fire-
prone regions (Hammill & Bradstock, 2006). 
A large fire can be considered as one that is extensive across a landscape (i.e. large in 
size) and usually includes areas of high fire intensity. Large fires are defined by the 
size of the area burnt in either absolute or relative terms, depending on the location 
and environment (Gill & Allan, 2008). Global examples of large fires in forest 
ecosystems include: the Solsones fire in 1998 which incinerated 27 000 ha of forest in 
north-eastern Spain (Roman-Cuesta et al., 2009); the 2013 Rim Fire in California, 
USA, which burnt over 104 000 ha of forest (Lydersen et al., 2014); the 2002 Biscuit 
fire in forests of south-west Oregon, USA, that burnt > 200 000 ha (Thompson et al., 
2007); and the fires in 2003 in the Alpine region of south-eastern Australia which 
affected approximately 3 million ha (Williams et al., 2008). Other fires, although 
smaller in spatial area than the above, can also be considered ‘large’ depending on 
their context. For instance, in the Mediterranean region in Europe, large fires include 
those that are over 500 ha in size (San-Miguel-Ayanz et al., 2013). Large fires typically 
include areas of high intensity, spread quickly and may burn for long periods (Adams 
& Attiwill, 2011). If value is placed on the area burnt, by the community or land 
management agency, the fire may also be considered large (Song et al., 2001). 
Large fires can have a long-lasting impact on ecosystems as they provide the 
foundation for the future fire regime of a landscape (Williams & Bradstock, 2008). 
Gill (1975) defined the fire regime to represent the pattern of fire associated with a 
particular area, including fire intensity, fire frequency, season and type of fire. 
Parameters associated with the conditions of fire occurrence or those that relate to the 
immediate effects of fire can also be considered as part of the fire regime (Krebs et al., 
2010). Fire severity and extent (i.e. fuel consumption and fire spread), for example 
have also been identified as fire regime components (Bond & Keeley, 2005). Fire 
intensity is the rate of heat or energy released from the fire (Cheney, 1981), and is 
different from fire severity which is a measure of how much vegetation or organic 
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material is lost, in the vertical plane, after the fire event (Bradstock, 2008; Keeley, 
2009). Fire severity describes the more immediate effects of fire on vegetation and is 
a useful concept for determining the effects of fire on ecosystems (Bond & Keeley, 
2005; Krebs et al., 2010). The fire history of a fire regime refers to past fire events 
(Gill & Allan, 2008). Fire frequency (time between fire events) and season (time of 
year that a fire occurs) can have long-lasting effects on ecosystems (Gill, 1975). Fire 
type typically is classified according to the dominant vegetation burnt, such as a grass, 
peat or forest fire, and can be above or below ground (Gill, 1975; Cheney, 1981; Gill 
& Allan, 2008). Fire regimes are complex and they may vary across different scales in 
time and space (Krebs et al., 2010). Fire regimes influence the distribution of plants 
and animals in forests and other ecosystems (Bunnell, 1995; Gill & Catling, 2002; 
Whelan et al., 2002; Gill & Allan, 2008).  
Large fires create spatial patterns of heterogeneity in the landscape which influence 
the distribution of species, the composition of communities and ecological processes 
(Turner et al., 1994; Pausas et al., 2002; Schoennagel et al., 2008; Roman-Cuesta et 
al., 2009; Williams & Baker, 2012). Spatial variation within the fire boundary is 
generated by patches of different fire severity, dependent upon fire intensity (Hammill 
& Bradstock, 2006; Bradstock, 2008). In turn, variation in fire intensity is determined 
by the combination of vegetation type, fuels, flammability, topography, and weather 
and climatic conditions that control fire behaviour (Cheney, 1981; Cruz et al., 2012; 
Sullivan et al., 2012). Vegetation acts as fuel for fire (e.g. trees, shrubs, bark, grasses), 
with large amounts of dry fuel increasing the flammability (Walker, 1981). 
Topographic variation in forested landscapes also influences fire intensity, with moist 
gullies being less likely to be severely burnt than upper slopes and ridges (Broncano 
& Retana, 2004; Bradstock et al., 2010). Commonly, large fires are driven by severe 
weather conditions of high temperature and high winds, low relative humidity and low 
fuel moisture (Bradstock, 2008). Large fires have also been associated with extended 
periods of drought in mesic forests, during which the vegetation and litter has dried 
(Gill & Allan, 2008). Variation in fire intensity creates spatial patterns in the landscape 
which can influence the survival, dispersal, recolonisation and persistence of plants 
and animals after fire. 
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The heterogeneity that can be observed in a landscape after the most recent fire event 
is considered to be the “visible mosaic”, while the temporal variation arising from 
different fire history in different parts of the landscape (e.g. the time since last fire, the 
between-fire interval) is the “invisible mosaic” (Gill et al., 2003; Bradstock et al., 
2005). Variation in fire severity that creates the visible mosaic (Bradstock et al., 2005) 
is often classified into different categories, such as unburnt vegetation, vegetation in 
which only the understorey is burnt, and patches of vegetation in which both 
understorey and canopy are burnt (e.g. crown scorch, crown burnt) (Keeley, 2009; 
Price & Bradstock, 2012). Patches of unburnt, or less-severely burnt forest within the 
fire boundary (Bradstock, 2008) differ in shape and size, form different spatial 
configurations and vary in their degree of isolation from other unburnt patches 
(dependent on severity of a recent fire event) (Bradstock et al., 2005). Such unburnt 
or less severely burnt patches may serve as refuges for fauna, that mitigate the adverse 
effects of fire by enabling the survival, recovery, recolonisation or persistence of 
faunal populations in the post-fire environment (Robinson et al., 2013). However, 
specific attributes of refuge patches, as well as their spatial pattern and landscape 
context have rarely been identified for fauna (Robinson et al., 2013).  
Ecological knowledge of the effects of spatial patterns of fire on species and 
populations is necessary for effective fire management and biodiversity conservation, 
but is not well understood (Driscoll et al., 2010; Spies et al., 2012; Griffiths & Brook, 
2014; Griffiths et al., 2015). In particular, the impacts of fire on animal species and 
communities has received much less attention than for plants (Bradstock et al., 2002; 
Clarke, 2008). Fire has direct impacts on animals via mortality from radiant heat, and 
indirect effects by fire-induced changes in vegetation used as habitat (Gill & Catling, 
2002; Whelan et al., 2002). However, understanding of how different components of 
the fire regime influence fauna at different spatial scales is limited (Driscoll et al., 
2010). In recent years, more research has been conducted on the effects of time since 
fire on faunal groups (e.g. Langlands et al., 2011; Watson et al., 2012b; Chalmandrier 
et al., 2013; Kelly et al., 2014; Moranz et al., 2014; Nimmo et al., 2014; Pedersen et 
al., 2014). There has also been some attention to the effects of fire severity for different 
faunal groups, including for birds (e.g. Smucker et al., 2005; Hutto, 2008; Fontaine et 
al., 2009), mammals (e.g. Roberts et al., 2008; Diffendorfer et al., 2012; Doumas & 
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Koprowski, 2013a, b; Schuette et al., 2014), bats (e.g. Buchalski et al., 2013), and 
invertebrates (Wikars & Schimmel, 2001). However, with the exclusion of a few 
studies (e.g. Pons & Clavero, 2010; Lindenmayer et al., 2013), the relative influence 
on fauna of these different components, fire severity and fire history, at both the site 
level and landscape level is poorly known.  
In Australia, mammals are one of the better understood faunal groups in relation to 
fire, with knowledge of small mammals in forest systems progressing over the last two 
decades (Sutherland & Dickman, 1999; Griffiths & Brook, 2014). Succession and 
changes in abundance of small mammals after fire in relation to changes in vegetation 
have been studied in dry sclerophyll forests and coastal heathland in south-eastern 
Australia (Newsome et al., 1975; Catling & Newsome, 1981; Fox & McKay, 1981; 
Fox, 1982; Friend, 1993). Less is known of the effects of large fires and different fire 
regime components on arboreal mammals and larger terrestrial species. There is also 
limited knowledge of the response to fire of keystone species, such as predators and 
ecosystem engineers, species which are likely to have widespread influence on other 
species and ecosystems. Mammals in Australia have suffered from large declines and 
species extinctions, with further extinctions imminent (Woinarski et al., 2015). 
Extensive (large spatial scales) and less patchy fires can pose a threat to small mammal 
species (Lawes et al., 2015). Hence, in this fire-prone continent, it is important to 
understand the ecological effects of fire on mammals both for effective management 
of fire and for biodiversity conservation (Spies et al., 2012; Griffiths & Brook, 2014). 
1-2 Large fires in Australia 
Australia is a fire-prone continent, with large fires common in multiple ecosystems 
which span across many climate zones in the northern tropical savannas, central 
deserts, southern temperate forests and alpine regions (Woinarksi et al., 2004; 
Williams et al., 2008; Letnic & Dickman, 2010; Adams & Attiwill, 2011; Lawes et 
al., 2015; Murphy et al., 2015). South-eastern Australia is particularly vulnerable to 
severe wildfires (Cruz et al., 2012), with the state of Victoria being subject to some of 
the most intense fires in the world (Attiwill & Adams, 2013). The eucalypt forests of 
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this region are exceptionally flammable and susceptible to large fires due to the 
vegetation type, topography, weather and climatic conditions (Gill & Catling, 2002; 
Cruz et al., 2012; Sullivan et al., 2012; Murphy et al., 2013). Eucalypt forests generate 
substantial amounts of combustible fuel, such as leaf litter and fibrous bark, which can 
ignite and spread over large distances by spotting and firebrands (ignition at multiple 
points beyond the fire front) (Gill, 1981a; Cruz et al., 2012).  
Dry eucalypt forests are more likely to burn than wet forest or rainforest (Leonard et 
al., 2014a). These forests occur in topographically varied landscapes; topographic 
location can determine fire intensity dependent on fire weather, because moist gullies 
have a lower likelihood of severe burns (Bradstock et al., 2010; Sullivan et al., 2012). 
Extreme weather conditions of high temperatures and winds, low relative humidity 
and low fuel moisture are common in south-eastern Australia, which increases the 
probability of crown fires occurring (Bradstock, 2008; Bradstock et al., 2010; Sullivan 
et al., 2012). Drought, often associated with El Niño periods, is frequent in south-
eastern Australia, which also contributes to increased amounts of dry and flammable 
fuel in forests and the occurrence of large fires (Bradstock, 2008; Gill & Allan, 2008; 
Sullivan et al., 2012; Murphy et al., 2013). Alternatively, during periods of La Niña 
years of high rainfall, vegetation flourishes and can later act as fuel that supports the 
ignition and spread of large fires (Gill & Allan, 2008).  
Severe fires in south-eastern Australia are not unusual, with both historic and 
prehistoric records of large fires occurring (Pyne, 1991; Bradstock, 2008). Aboriginal 
burning practices have a long history in Australia, with charcoal records indicating 
that deliberate burning took place as early as 40 000 years ago (Nicholson, 1981; 
Kershaw et al., 2002). Indigenous communities used fire as a tool for different 
purposes, including hunting and food collection, and for social, ritualistic and domestic 
reasons (Nicholson, 1981; Gott, 2005). For example, burning was applied to create 
paths for easier access through thick vegetation, and was used as a means of flushing 
out animals during a hunt (Nicholson, 1981). Aboriginal fire regimes, including the 
season and frequency of burning, and applying a mosaic of patchy burns, have helped 
shape the Australian landscape and its biota (Pyne, 1991; Gott, 2005; Trauernicht et 
al., 2015).  
Chapter 1: General Introduction 
8 
Since European settlement in 1788 in Australia, fire regimes throughout the continent 
have changed. Early settlers in Victoria cleared land for agriculture, and then burnt the 
area to clear up the debris (Gill, 1975, 1981a). The incidence of large fires in south-
eastern Australia increased early in the 20th century, most likely from a combination 
of higher ignition rates from unregulated use of fire by early European settlers and 
severe weather (Bradstock, 2008). Later, large fires were less frequent in the late 20th 
century due to fire suppression from fire management practices (Bradstock, 2008).  
Fire events have been systematically documented in south-eastern Australia over the 
last century, but major wildfires are also known to have occurred prior to 1900 (Gill, 
1981b; Teague et al., 2010). Major fires include those that have caused loss of human 
life, have burnt large amounts of land or have caused the substantial loss of property 
(Teague et al., 2010). There are records of over 70 major fires that have burned in 
south-eastern Australia since the 1930’s (Teague et al., 2010). Victoria is particularly 
fire-prone with 52 major fires recorded since 1851, and two-thirds of these occurring 
in the last 70 years (Teague et al., 2010). Several large wildfires considered to be 
‘catastrophic’, because they have had long-lasting social, environmental and economic 
consequences, have occurred in south-eastern Australia including the 1939 Black 
Friday fires, the 1983 Ash Wednesday fires, the 2003 Alpine fires, the 2003 Canberra 
fires, and the 2009 Black Saturday fires (Williams et al., 2008; Teague et al., 2010; 
Cruz et al., 2012). All of these wildfires, except for the 2003 Canberra fires, occurred 
in or partly within Victoria. The 1939 Black Friday fires, for instance, tragically 
claimed 71 lives and burnt 1.5-2 million ha; and in 1983, the Ash Wednesday wildfires 
killed 47 people, destroyed 2080 houses and burnt 210 000 ha of land (Gill, 1981a; 
Adams, 2013).  
The Black Saturday wildfires that occurred on the 7th February 2009, are some of the 
largest and most devastating wildfires to have occurred in south-eastern Australia 
(Cruz et al., 2012). They burned more than 430 000 ha in south-eastern Australia and 
resulted in the tragic losses of 173 lives and 2133 houses (Teague et al., 2010; Adams, 
2013). The economic costs were estimated to be more than $4 billion (Teague et al., 
2010). Many wildfires occurred on Black Saturday, but among the largest and most 
significant were the Kilmore-Murrindindi fires which combined to burn a total of ~228 
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000 ha of forest, and caused the loss of 159 human lives and 1780 houses (Teague et 
al., 2010). Further details about the Kilmore-Murrindindi fires are given in Chapter 2. 
1-3 Project origin  
This project arose after the large and extensive ‘Black Saturday’ wildfires in February 
2009. The Kilmore-Murrindindi fires together burned a large region across the Central 
Highlands of Victoria and provided a unique opportunity to study the effects of a large 
wildfire on the fauna, and the influence of components of the fire regime and landscape 
heterogeneity arising from the fires. The Victorian Department of Environment, Land, 
Water and Planning (previously Department of Sustainability and Environment at the 
beginning of the project) provided funding for a project designed to investigate the 
value of fire ‘refuges’ for fauna in this fire-prone region. Hence the Faunal Fire Refuge 
Project, a collaboration between Deakin and La Trobe Universities was born. The 
project aimed to identify the occurrence, function and attributes of fire refuges for 
fauna. It was based on a ‘snapshot’ view of the landscape 2-4 years after wildfire. The 
overarching project questions were: 
1. To what extent does recent burning moderate the impact on fauna and flora of a 
large wildfire event through the creation of unburnt, or less severely burnt, areas? 
2. How important is the extent of natural and transient (fuel reduced) refuge areas in 
maintaining the diversity of organisms in the landscape and how does it differ 
between taxonomic groups? 
3. What are the characteristics of potential refuge areas that enhance their value for 
maintaining the diversity and abundance of different taxa? 
The project team studied multiple taxa at ~ 90 sites, including plant species and 
vegetation structure, birds, mammals, invertebrates, and bryophytes. The outcomes of 
this study are intended to provide knowledge to enhance fire management. This thesis 
focuses on the response of native and introduced mammals to fire, as well as that of 
an ecosystem engineer, the superb lyrebird (Menura novaehollandiae).  
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1-4 Study Area  
The study was based in the foothill eucalypt forests of the Central Highlands, Victoria, 
Australia. An extended description of the study area is given in Chapter 2.  
1-5 Overview of the objectives and structure of this thesis 
The aim of the research in this thesis is to understand how large fires, fire regime 
components and landscape heterogeneity influence the occurrence of forest fauna in 
the foothill eucalypt forests of south-eastern Australia. The two main goals of this 
thesis are: 
i) to determine the effects on fauna of fire severity and fire history at the site-level, 
and 
ii) to investigate the influence of fire-created heterogeneity at the landscape-level on 
the distribution and abundance of forest fauna. 
In this thesis, I focus on four components of the forest fauna: terrestrial native 
mammals; introduced mammals; arboreal native mammals; and an ecosystem 
engineer, the superb lyrebird (descriptions in Chapter 2, 6). A brief overview of the 
thesis structure is given below.  
Chapter 2 describes the study area and vegetation, provides a brief background to the 
fire history and management of the region, and includes a description of mammal 
species known to occur in the study area and their responses to fire. This provides a 
setting for the remainder of the thesis. 
Chapter 3 presents an investigation of the influence of the fire regime and landscape 
context on the distribution and occurrence of arboreal mammals. First, I examined the 
influence of topography, fire severity and fire history on arboreal mammal occurrence 
at two years after wildfire. Second, I determined the effect of isolation from unburnt 
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forest on the occurrence of arboreal mammals at severely burnt sites in the post-fire 
environment.  
Chapter 4 examines the effects of fire regime components on terrestrial native 
mammal species at two spatial scales. I tested the relative influence of fire severity and 
fire history at the site level, and fire-induced heterogeneity at the landscape level, on 
the distribution and abundance of ground-dwelling mammals at 2-3 years after 
wildfire. 
Chapter 5 determines the relative impacts of a large fire on introduced mammal 
species, in three parts. First, I tested the relative effects of fire severity, fire history and 
landscape context on the distribution and abundance of introduced terrestrial species. 
Next, I determined whether there were patterns in their occurrence after wildfire 
related to topography. Finally, I considered whether there were correlative patterns of 
occurrence between introduced and native mammals species based on potential 
ecological interactions (e.g. predator/prey or competitors) in the post-fire environment. 
Chapter 6 examines the effects of fire, topographic location, and habitat on an 
ecosystem engineer, the superb lyrebird. I tested the relative influence of fire severity, 
fire history, and landscape context on the distribution and abundance of this species 
after wildfire. I analysed whether topography moderated the effect of fire severity on 
the occurrence of the superb lyrebird. Vegetation and habitat attributes in different 
topographic locations (gullies and slopes) were examined to see whether they were 
correlated with the occurrence of the superb lyrebird. 
Chapter 7 provides a summary of a study designed to test whether fire severity and 
fire history influenced the demography of small mammal species after wildfire. Study 
design was undertaken and field surveys were initiated, but planned analysis and 
further interpretation was not followed through due to limitations with insufficient 
data. A brief summary of the study is presented.  
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Chapter 8 provides a synthesis of the results from the overall thesis. I summarise key 
findings and outcomes, implications for the conservation of native mammal species in 
this region, and identify areas of research that need further investigation. 
During this study, I have also contributed to an additional two research papers, and a 
brochure, which are included as Appendices.  
Appendix 1. This paper reviews the concept of fire refuges for fauna, and identifies 
knowledge gaps and key areas that require research. 
Robinson, N.M., Leonard, S.W.J., Ritchie, E.G., Bassett, M., Chia, E.K., 
Buckingham, S., Gibb, H., Bennett, A.F. & Clarke, M.F. (2013) Refuges for fauna in 
fire-prone landscapes: their ecological functions and importance. Journal of Applied 
Ecology, 50, 1321-1329. 
Appendix 2. This paper examines the relative effects of fire severity, fire history and 
topography on the distribution of coarse woody debris in forests. These fire regime 
components interacted with topography, with implications for the quality of habitat for 
fauna. 
Bassett, M., Chia, E.K., Leonard, S.W.J., Nimmo, D.G., Holland, G.J., Ritchie, E.G., 
Clarke, M.F. & Bennett, A.F. (2015) The effects of topographic variation and the fire 
regime on coarse woody debris: insights from a large wildfire. Forest Ecology and 
Management, 340, 126-134. 
Appendix 3. This brochure contains a summary of the key findings of the Faunal Fire 
Refuges Project. It outlines the effects of fire severity, fire history, and the value of 
fire refuges for mammals, birds, invertebrates and plants. 
Leonard, S.W.J., Robinson, N.M., Bassett, M., Chia, E.K., Ritchie, E., Buckingham, 
S., Murphy, N., Gibb, H., Schofield, J., Gibson, M, Bennett, A.F. & Clarke, M.F. 
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(2014) Refuges for flora and fauna in fire-prone landscapes. La Trobe University, 
Melbourne. 
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CHAPTER 2 Fire and forest-dwelling mammals in eucalypt 
foothill forests of central Victoria 
 
 
 
Foothills forest, Kinglake National Park. 
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This chapter provides a background to the study area, an overview of the fire history 
and fire management in the study area, records of mammal species that occur in the 
study area and their previous or expected responses to fire.  
2-1 Study area 
This study was undertaken in the eucalypt foothill forests within the boundary of the 
Kilmore-Murrindindi fire complex of the Black Saturday fires, in the Central 
Highlands of the Great Dividing Range, approximately 85 km north of Melbourne 
(location: 37.285° S, 145.29° E), Victoria, south-east Australia (Figure 2.1). Elevation 
ranges from ~150-1500 m, but most of the study is conducted at 600-1000 m. 
Topography is varied, ranging from steep gullies and mountainous ridges, to wide 
drainage lines surrounded by gentle rising slopes. 
 
Figure 2.1 The study is in the eucalypt foothill forests of the Kilmore-Murrindindi 
fire complex, 2009 Black Saturday fires, Victoria, south-eastern Australia. 
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The climate is temperate with cool winters (mean monthly minimum 4° C) and mild 
summers (mean monthly maximum 23° C) (Toolangi, elevation 595 m; Bureau of 
Meteorology, 2013). Long-term average annual rainfall is ~1200 mm (Figure 2.2; 
Kinglake West Wallaby Creek, elevation 488 m; Bureau of Meteorology, 2013). 
Severe drought affected the study area from 1997 to 2009 (van Dijk et al., 2013), and 
was part of the worst drought on record for south-eastern Australia (Chowdhury et al., 
2015). In central Victoria, the average rainfall during this time was 10-20% less than 
the 1961-1990 average (Cruz et al., 2012). In the study area, the drought ended in 2010 
with two consecutive years of above-average rainfall of ~1600 mm in 2010, and ~1400 
mm in 2011 (Fig. 2.2; Kinglake West Wallaby Creek; Bureau of Meteorology, 2013). 
The unusually heavy rainfall in 2010-2012 caused by successive La Niña episodes and 
sea surface temperatures formed part of the wettest years on record in south-eastern 
Australia (Chowdhury et al., 2015).  
The majority of the study area comprises forested land managed by government 
agencies, including four national parks (Big River, Kinglake, Lake Eildon, Yarra 
Ranges), and five state forests (Black Range, Mount Disappointment, Mt Robertson, 
Toolangi, and Marysville). One site was located on privately-managed land. 
Townships such as Kinglake and Marysville are near the study area. The state forests 
of the region are harvested for timber, mostly by single tree selection. However, in this 
study we avoided areas that were known to have clear felling or areas that had 
experienced logging within the last 30 years.  
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Figure 2.2 Average annual rainfall (mm) in the study area during the drought in 
1997-2009 was lower than the long-term mean of ~1200 mm. The drought was broken 
with above average rainfall in the years 2010 and 2011 (Kinglake West Wallaby creek; 
Bureau of Meteorology, 2013). 
2-2 Vegetation of the study area 
Vegetation of the study area comprises temperate eucalypt foothill forests, primarily 
of two Ecological Vegetation Classes, as classified by the Department of Land Water, 
Environment and Planning (DSE, 2005): Herb-rich Foothill Forest and Damp Forests. 
Herb-rich Foothill Forest is commonly present in gullies and lower slopes on medium-
well drained soils in locations with moderate-high levels of rainfall, and Damp Forests 
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are often found on colluvial soils. Herb Rich Foothill Forest vegetation in the study 
area is characterized by medium to tall forest (up to 25 m), including the dominant tree 
species messmate stringybark (Eucalyptus obliqua), and narrow and broad-leaf 
peppermint (E. radiata and E. dives). The sub-canopy contains smaller trees 
commonly including species of Australian blackwood and silver wattle (Acacia 
melanoxylon and A. dealbata). The understorey consists of a sparse to dense layer of 
shrubs and ferns, commonly including austral bracken (Pteridium esculentum), and a 
dense ground layer of herbs and grasses. Blue gum (E. globulus) is a dominant tree 
species of Damp Forest, and the understorey typically contains tree ferns (Dicksonia 
antarctica and Cyathea spp.). Mesic gullies also contain a dense mix of other species 
such as prickly currant-bush (Coprosma quadrifida), musk daisybush (Olearia 
argophylla) and hazel pomaderris (Pomaderris aspera) (DSE, 2005). 
2-3 Fire history and fire management of the study area  
Several wildfires have burned in the study area before 2009, including the severe 1939 
Black Friday wildfires. Other wildfires that burnt smaller portions of the study area 
occurred in 1962, 1969, 1983 and 2006. In addition, planned management burns have 
also been conducted within the study area for fuel reduction, ecological and 
silvicultural objectives (Leonard et al., 2014a).  
In the eucalypt forests of southern Australia, prescribed burning has been conducted 
since the 1950’s to control fuel loads (McCaw, 2013). Contemporary management 
practices apply prescribed burning as the main fire management tool to moderate and 
control unplanned fires by reducing fuel levels and hence the rate of fire spread and 
the fire intensity (Bradstock et al., 1998; Penman et al., 2014). Prescribed burns can 
sometimes regulate fire severity (Fernandes & Botelho, 2003) and wildfire occurrence 
(Boer et al., 2009). Currently, most fire management agencies in Australia are required 
by law to protect the safety of human life and property from wildfire (Clarke, 2008; 
McCaw, 2013). As a result, prescribed burning focuses on reducing fuel loads and 
associated risk in case of a wildfire event, and this is commonly implemented in forests 
in or around urban areas (Bradstock et al., 1998). Fire management agencies also have 
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the concurrent goal of conserving biodiversity, ecological communities and ecosystem 
processes (Clarke, 2008).  
Eucalypt foothill forests in south-eastern Australia are subject to repeated prescribed 
burning for fire management (Adams & Attiwill, 2011). Generally, planned burning 
can reduce the chance of crown fires (high intensity) for up to five years after burns in 
southern Australian forests (McCaw, 2013). However, for foothill forests in south-
eastern Australia specifically, the recommended tolerable fire interval is a minimum 
of 10 years for low intensity patchy fires, a minimum of 25 years for high severity 
fires, and a maximum tolerable fire interval of 100 years (Cheal, 2010). Prescribed 
burning could reduce wildfire intensity for up to 5-10 years in foothill forests (Price & 
Bradstock, 2012). In addition, prescribed burns of low intensity creates patchiness and 
refuges for some species, and allows some patches of vegetation to escape burning at 
frequent intervals (Penman et al., 2007; Cheal, 2010). Even so, under extreme weather 
conditions, pre-emptive burning that reduces fuel loads is unlikely to prevent the 
occurrence of wildfire (Price & Bradstock, 2012).  
State and federal inquiries after major fires are a common occurrence in Australia and 
can spur changes in how fire management in fire-prone landscapes is conducted 
(Adams & Attiwill, 2011; McCaw, 2013). After the 2009 Black Saturday fires, the 
State Government established a Royal Commission to understand and respond to the 
major social, economic and environmental impacts of the wildfires (Teague et al., 
2010). Sixty-seven recommendations were made by the Commission, seven of which 
related to land and fuel management, and one for research and evaluation (Teague et 
al., 2010). One fire management recommendation was that the amount of planned 
burning on public land be increased from 1.7% to 5% of the public land area as an 
annual rolling target, which increased the area of land to be burnt from 130 000 to 385 
000 ha in the state per year (Teague et al., 2010). This has affected fire management 
practices throughout the state, with eucalypt foothill forests being subject to increased 
prescribed burning. However, the consequences of increased prescribed burning, in 
addition to the effects of large wildfires, on flora and fauna in foothills forests is 
unknown. Further understanding of the effects of prescribed burning and wildfire on 
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biodiversity was also recommended, to improve science-based management (Teague 
et al., 2010).  
2-4 Kilmore-Murrindindi Fires, Black Saturday 2009  
In 2009, the Kilmore-Murrindindi fires were some of the largest and most damaging 
of the Black Saturday wildfires. Extreme fire weather conditions prevailed in the lead 
up to, and during, the Kilmore-Murrindindi fires. South-eastern Australia had 
experienced extended drought with below-average rainfall for over a decade, as well 
as 12 years of above average temperature before 2009 (Teague et al., 2010; Timbal & 
Fawcett, 2013). In the lead up to the 2009 fires there were two record-breaking 
heatwaves, from 27-31st January and 6-7 February (Cruz et al., 2012). The first 
heatwave consisted of temperatures reaching over 43° C for three successive days, 
whilst the second consisted of temperatures in the mid-40s (Teague et al., 2010). On 
the 7th February, two separate fires ignited in Kilmore East and Murrindindi (Fig. 2.3), 
which later merged to form the Kilmore-Murrindindi fire complex (Teague et al., 
2010; Cruz et al., 2012). These wildfires were driven by high forest fuel loads with 
low moisture, on a day of very high temperature (> 45° C) and low humidity (9%), 
and strong north-westerly winds (afternoon averages of 48-68 km h-1 and gusts of up 
to 91 km h-1) (Cruz et al., 2012; Price & Bradstock, 2012). This fire complex spread 
rapidly with average speeds higher than 70 m min-1, and a maximum of 150 m min-1, 
via short (500 m) and long (> 5 km) range spotting, including up to 33 km ahead of 
the fire front (Cruz et al., 2012). Severe fire weather was the predominant influence 
on fire severity, and it generated extreme fire intensities of 70 000- 88 000 kW m-1; 
high winds also resulted in fire plumes and increased fire spread (Cruz et al., 2012; 
Price & Bradstock, 2012).  
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Figure 2.3  Fire severity classes within the Kilmore-Murrindindi fire complex based 
on the effect of the fire on the vegetation 
The Kilmore-Murrindindi fire complex burnt a large area of ~228 000 ha of forest, 
with less than 1% of forest within the fire boundary remaining unburned (Leonard et 
al., 2014a). Forest vegetation was burnt at different fire intensities resulting in different 
fire severities. In this study, sites were chosen based on fire severity and fire history. 
The fire severity of a site was attained by severity mapping from Landsat or SPOT 
imagery (DSE, 2009b) (Figure 2.3), and further assessment of unburnt and understorey 
burnt sites was conducted with aerial photographs (DSE, 2009a) (Figure 2.4). Fire 
severities were grouped into categories describing the amount of vegetation that burnt 
within the fire boundary: a) unburnt, both the understorey and canopy levels showed 
no evidence of fire, b) understorey burnt, the ground or shrub layer was burnt but the 
canopy was unburnt, c) severely burnt, evidence of both understorey burn and crown 
scorch and/or crown burn (Figure 2.5). Reference sites were located outside of the fire 
boundary and hence were unburnt during the 2009 wildfire (Figure 2.5). The site 
selection process also considered the fire history prior to the 2009 wildfire, identifying 
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sites from two categories: a) long unburnt (burnt > 20 years before 2009 wildfires), 
and b) short (recent burns < 3 years before 2009) (Figure 2.6). Fire history before 2009 
was retrieved from fire records of planned burns and wildfires from (then) Department 
of Sustainability and Environment. Classifications of fire severity and fire history were 
confirmed via visual inspection of all sites at 16-18 months after wildfire. 
 
Figure 2.4 An example of an aerial photograph (chlorophyll based) taken after the 
2009 wildfires showing unburnt patches of vegetation (red-patches show high 
chlorophyll) surrounded by a severely burnt landscape (brown/black indicates low 
chlorophyll).  
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             Photos: Natasha Robinson 
Figure 2.5 Typical sites in foothill forest in the study area at the time of surveys (2011) representing different fire severity classes a) unburnt, b) 
understorey, c) severe (crown scorch and crown burn) d) reference and fire history categories (long > 20yrs, short < 3yrs).
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Figure 2.6 Fire history classes (short < 3 years, long > 20 years) within the Kilmore-
Murrindindi fire complex prior to the 2009 wildfires. 
2-5 Mammal species and fire  
There have been no systematic studies of the relative effects of fire regime components 
and landscape heterogeneity on native mammals in foothill forests of the Central 
Highlands, even though these foothill forests are frequently subject to prescribed 
burning. General surveys of the mammal fauna have been conducted in the foothill 
forests of the Central Highlands: specifically surveys in Kinglake National Park 
(located within the study area) between 1967-1975 (Nicol 1978); surveys conducted 
from 1966-1980 which included the Central Highlands as part of a state wide overview 
(Hampton et al., 1982); and an extensive census of the vertebrate fauna in 1991 based 
in the Central Highlands and beyond, including the coastal areas of the Mornington 
Peninsula and Western Port regions of Victoria (Lumsden et al., 1991). More recently 
in 2010, a survey targeting threatened fauna species was conducted in association with 
the construction of the Sugarloaf pipeline, which included Toolangi State Forest 
(Sugarloaf Pipeline Alliance, 2010).  
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A small number of studies on mammals have been conducted within the Kilmore-
Murrindindi fire complex since the Black Saturday wildfires 2009. These include 
studies by the state environment department that a) examined the effectiveness of 
poison baiting for the introduced red fox (Vulpes vulpes) on native terrestrial mammals 
in the eastern side of the Kilmore-Murrindindi fire complex in 2010 (Robley et al., 
2012); b) investigated the distribution of the white-footed dunnart (Sminthopsis 
leucopus) or common dunnart (S. murina) in relation to burnt and unburnt sites 2012, 
in the Cathedral Ranges State Forest and Lake Eildon National Park, both of which 
occur in the study area (Nelson & Jemison, 2012, and c) in conjunction with local 
community groups, studied the response of terrestrial mammals to fire history in the 
Black Range state forest (Macak et al., 2012). In 2012, the state environment 
department conducted a survey throughout the Central Highlands region to understand 
the distribution and habitat requirements of threatened species of mammals, birds and 
fish, including the Leadbeater’s possum (Gymnobelidus leadbeateri) in wet forests, 
smoky mouse (Pseudomys fumeus), greater glider (Petauroides volans), and yellow-
bellied glider (Petaurus australis) (Lumsden et al., 2013). The occupancy and 
abundance of the introduced sambar deer (Cervus unicolor) in Kinglake National Park 
after wildfire has also been investigated (Forsyth et al., 2011; Forsyth et al., 2012). 
However, no study has examined the effects of fire severity, fire history and landscape 
context on the native and introduced mammal fauna at large spatial scales across the 
fire region.  
In this study, I examined the response of mammals to components of the fire regime 
and landscape heterogeneity after wildfire in this fire-prone region, 2-3 years after the 
Black Saturday event in 2009. Three focal groups of mammals were chosen for study: 
a) arboreal mammals, b) terrestrial, ground-dwelling mammal species (hereafter 
referred to as terrestrial), and c) introduced mammal species. Species in each of these 
groups are likely to be affected by fire severity, fire history and landscape 
heterogeneity, depending upon their habits, habitat requirements, dispersal and 
recolonisation abilities, and flexibility to disturbance.  
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2-5-1 Arboreal mammal species 
Eleven species of arboreal mammal (all marsupials) have been recorded in the 
foothill/damp forests of the study area (Table 2.1) (Lumsden et al., 1991). These 
arboreal species vary in size and weight, ranging from the feathertail glider (Acrobates 
pygmaeus) weighing only 10 g, up to 14 kg for the koala (Phascolarctos cinereus). 
One arboreal species, the Leadbeater’s possum is listed as Critically Endangered under 
the federal Environment Protection and Biodiversity Conservation Act 1999 (EPBC 
Act). Two species are listed as threatened under the Flora and Fauna Guarantee Act 
(FFG) 1988 of Victoria, including the Leadbeater’s possum, and the brush-tailed 
phascogale (Phascogale tapoatafa) The Leadbeater’s possum is generally restricted to 
the taller mountain ash (E. regnans) forests of the Central Highlands (Lumsden et al., 
1991); and hence was not part of the focal group for this study. The brush-tailed 
phascogale occurs in the study area. Several species are uncommon, including the 
uncommon but widespread feathertail glider, the uncommon but moderately 
distributed eastern pygmy-possum (Cercartetus nanus), and the yellow-bellied glider. 
The remaining arboreal species that are focal to this study are widespread and common 
(Figure 2.7).  
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Table 2.1 Mammal species (excluding bats) that occur in Foothill/Damp forests of 
the Central Highlands (Lumsden et al., 1991). 
Family Species Common Name 
Arboreal mammals   
Acrobatidae Acrobates pygmaeus Feathertail glider 
Burramyidae Cercartetus nanus Eastern pygmy-possum 
Dasyuridae Phascogale tapoatafa Brush-tailed phascogale 
Petauridae Gymnobelideus leadbeateri Leadbeater’s possum 
Petauridae Petaurus australis Yellow-bellied glider 
Petauridae Petaurus breviceps Sugar glider 
Petauridae Petauroides volans Greater glider 
Phascolarctidae Phascolartos cinereus Koala 
Pseudocheiridae Pseudocheirus peregrinus Common ringtail possum 
Phalangeridae Trichosurus cunninghami Mountain brushtail possum 
Phalangeridae Trichosurus vulpecula Common brushtail possum 
Terrestrial native mammals   
Dasyuridae Antechinus agilis Agile antechinus  
Dasyuridae Antechinus swainsonii Dusky antechinus 
Dasyuridae Dasyurus maculatus  Tiger quoll (Spot-tailed quoll) 
Dasyuridae Dasyurus viverrinus* Eastern quoll 
Dasyuridae Sminthopsis leucopus White-footed dunnart 
Muridae Mastacomys fuscus Broad-toothed rat 
Muridae Pseudomys fumeus Smoky mouse 
Muridae Rattus fuscipes Bush rat 
Muridae Rattus lutreolus Swamp rat 
Macropodidae Wallabia bicolor Swamp wallaby 
Macropodidae Macropus giganteus Eastern grey kangaroo 
Peramelidae Perameles nasuta Long-nosed bandicoot 
Tachyglossidae Tachyglossus aculeatus Short-beaked echidna 
Vombatidae Vombatus ursinus Common wombat 
Introduced mammal species   
Canidae Canis familiaris Feral dog  
Canidae Vulpes vulpes Red fox 
Cervidae Cervus unicolor Sambar deer 
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Family Species Common Name 
Felidae Felis catus Feral cat 
Leporidae Oryctolagus cuniculus European rabbit 
Muridae Mus musculus House mouse 
Muridae Rattus rattus Black rat 
*Extinct species 
Studies examining the response of arboreal mammals to fire in south-eastern Australia 
have primarily been based in the wet montane forests of Victoria and the dry 
sclerophyll forests of NSW (Newsome et al., 1975; Lunney, 1987; Catling, 1991; 
Catling et al., 2001; Russell et al., 2003; Matthews et al., 2007; Banks et al., 2011a; 
Collins, 2012; Lindenmayer et al., 2013; Berry et al., 2015a) (Table 2.2). None of 
these studies occurred in the foothill forests of the Central Highlands, and none have 
tested the relative effects of fire severity, fire history, and landscape heterogeneity on 
arboreal mammals.  
Arboreal mammal species in foothill forests are likely to respond negatively to 
increasing fire severity, particular to high intensity fire that affects tree canopy and 
tree hollows. This is because many of these arboreal species feed on foliage in the 
canopy or on tall shrubs, and tree hollows are essential habitat for nesting (e.g. greater 
glider (Strahan, 1995; Hume, 1999). Fire that burns the ground or understorey levels 
may have less of an impact on arboreal mammals because most species essentially use 
the middle-upper parts of the canopy.  
I examine the response of arboreal mammals to fire regime components and landscape 
heterogeneity in Chapter 3. 
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Authors and sources:  
a) Jerry Alexander, http://bird.net.au/bird/index.php?title=Brush-tailed_Phascogale, b,d-f) David 
Cook, http://www.flickriver.com/photos/kookr/sets/72157602888832870/, c) Michelle Bassett, g) 
Evelyn Chia. 
Figure 2.7 Arboreal mammal species known to occur in the study area including a) 
brush-tailed phascogale, b) sugar glider, c) mountain brushtail possum, d) common 
brushtail possum, e) common ringtail possum, f) greater glider, and e) koala. 
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Table 2.2 Description of arboreal mammal species that are focal to this study, and references to studies of their responses to fire in forests of south-
eastern Australia. No studies have been conducted in the foothill forests of the Central Highlands, Victoria. 
Species Vegetation type 
occupied in 
region 
Weight 
range 
(g)1 
Habit, Habitat  Diet Fire research in wet 
montane forest, Victoria 
Fire research in dry 
sclerophyll forest, 
NSW 
Sugar glider 
(Petaurus 
breviceps) 
Foothill forest, 
damp forest 
95-160 Arboreal. Associated with Acacias3. 
Present in all forest levels, and often 
observed on the trunk or major 
branches3. Nests in tree hollows4.  
Arthropods, insect 
and plant exudates 
including eucalypt 
sap, Acacia gums, 
nectar, pollen, 
honeydew1,3. 
Lindenmayer et al., (2013) Lunney, (1987)  
Catling, (1991) 
Collins, (2012) 
Greater glider 
(Petauroides 
volans) 
Foothill forest, 
damp forest 
900-
1700 
Arboreal. Primarily uses upper-
canopy levels2. Uses tree forks and 
branches, and large trees1,5. Depends 
on tree hollows for nesting and 
shelter7.  
Primarily eucalypt 
foliage6. 
Lindenmayer et al., (2013 
Berry et al., (2015a) 
Lunney, (1987)  
Common ringtail 
possum 
(Pseudocheirus 
peregrinus) 
Foothill forest, 
damp forest 
700-
1100 
Arboreal. Present in dense shrub 
layers. Mostly active in mid-canopy 
levels2. Nests in shredded bark/grass 
in hollow branches or dense 
understorey1.  
Feeds on leaves, 
eucalypt flowers 
and fruits1. 
 Newsome et al., (1975) 
Catling, (1991) 
Russell et al., (2003) 
Mountain brushtail 
possum 
(Trichosurus 
cunninghami) 
Foothill forest, 
damp forest 
2500-
4500 
Arboreal/terrestrial. Uses all levels of 
forest strata, including lower-mid 
levels and ground2. Dens primarily in 
tree hollows, branches, logs1. 
Fruit, buds, seeds, 
mesophyllic shrubs, 
lichen, fungi, bark7.  
Banks et al., (2011a)  
Lindenmayer et al., (2013) 
Berry et al., (2015a) 
Catling, (1991) 
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Species Vegetation 
type occupied 
in region 
Weight 
range 
(g)1 
Habit, Habitat  Diet Fire research in wet 
montane forest, 
Victoria 
Fire research in dry 
sclerophyll forest, 
NSW 
Common brushtail 
possum 
(Trichosurus 
vulpecula) 
Foothill forest, 
damp forest 
1200-
4500 
Arboreal/terrestrial. Uses all levels of 
forest strata, including mid-canopy levels, 
bole and ground2. Similar use of dens to 
mountain brushtail possum1.  
Mostly foliage, 
also flowers and 
fruit1. 
 Newsome et al., (1975) 
Catling, (1991) 
Catling et al., (2001) 
Koala 
(Phascolarctos 
cinereus) 
Foothill forest 700-1490 Arboreal. Descends to ground to change 
trees. Rests in tree forks in mid-canopy 
levels1.  
Mostly eucalypt 
foliage1. 
 Catling et al., (2001) 
Matthews et al., (2007) 
Brush-tailed 
phascogale* 
(Phascogale 
tapoatafa) 
Damp forest 106-311 Scansorial. Occasionally forages on 
ground. Nests in hollow branches and 
stumps1.  
Feeds mostly on 
invertebrates, and 
nectar from 
flowering 
eucalypts1.  
 Catling, (1991) 
*Scansorial, detected during terrestrial surveys.\ 
 
1. Strahan, (1995). 2. Bennett et al., (1991) 3. Smith, (1982) 4. Menkhorst and Knight, (2001). %5. Gibbons and Lindenmayer, (1997). 6. Hume, (1999). 7. van der Ree et al., 
(2001). 
 
Chapter 2: Fire and forest-dwelling mammals in eucalypt foothill forests 
32 
2-5-2 Native terrestrial mammal species 
There are fourteen native mammal species that are predominantly ground-dwelling 
that have been recorded in the foothill/damp forests of the study area (Table 2.1) 
(Lumsden et al., 1991). These species range from small to large in size including the 
agile antechinus (Antechinus agilis; 16 g body weight) to the eastern grey kangaroo 
(Macropus giganteus; up to 66 kg). The eastern quoll (Dasyurus viverrinus) once 
occurred but has been regionally extinct from the mainland since the 1940’s.  
Currently, two species are listed as Endangered under the federal EPBC Act and 
threatened under the State FFG Act: the spotted-tailed quoll (Dasyurus maculatus; 
South-east mainland population), and the smoky mouse (Pseudomys fumeus). The 
broad-toothed rat (Mastacomys fuscus) is also threatened under the State FFG Act. The 
remaining terrestrial mammal species in the study area are widespread and common, 
with the exception of the swamp rat (Rattus lutreolus), white-footed dunnart, long-
nosed bandicoot (Perameles nasuta) and the eastern grey kangaroo. The bush rat (R. 
fuscipes) is considered abundant (Figure 2.8) (Lumsden et al., 1991).  
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Authors and sources: a) Merrilyn Serong, http://www.timeinthebush.com/yellingbo-2011-12.html, b) 
Evelyn Chia, c-h) David Cook, http://www.flickriver.com/photos/kookr/sets/72157602888832870/ 
Figure 2.8 Terrestrial native mammal species known to occur in the study area 
including a) dusky antechinus, b) agile antechinus, c) bush rat, d) long-nosed 
bandicoot, e) short-beaked echidna, f) common wombat, g) swamp wallaby, h) eastern 
grey kangaroo. 
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Research designed to identify the effects of fire on terrestrial native mammals in south-
eastern Australian forests (aside from community-based surveys), has mainly occurred 
in the dry sclerophyll forests of coastal NSW, with few studies in Victoria, mostly in 
wet montane forest of the Central Highlands (Table 2.3). Studies conducted in the dry 
forests of NSW focused on the initial effects of fire (including clearing and burning) 
and time since fire on the abundance of mammal species at different times in the post-
fire succession, often in relation to changes in habitat structure (Newsome et al., 1975; 
Recher et al., 1975b; Fox & McKay, 1981; Fox, 1982; Lunney et al., 1987; Catling, 
1991; Catling et al., 2001; Recher et al., 2009; Arthur et al., 2012), whilst one study 
tracked the movements of the swamp wallaby (Wallabia bicolor) shortly after 
prescribed burns and wildfire (Garvey et al., 2010). In the wet montane forests of 
Victoria, the agile antechinus and bush rat were examined in unburnt compared with 
severely burnt sites (not understorey burnt), and the effect of distance to unburnt forest, 
with evidence of in situ survival of these species (Banks et al., 2011b). In Victoria, 
one study examined the effects of clearing and burning in sclerophyll eucalypt forests 
of Gippsland, Victoria, (Friend, 1979). No study has investigated the effects of fire 
severity, fire history and landscape heterogeneity on native terrestrial mammals in 
foothill forests of the Central Highlands.  
Terrestrial native mammal species in foothill forests are likely to respond in different 
ways to fire components, most likely due to the indirect effects of fire via changes in 
vegetation that provides habitat for species (Fox, 1982). These species are likely to be 
affected in different ways in relation to fire severity (i.e. where the understorey is 
burnt, or both the ground layer and canopy layers are burnt). Spatial isolation to 
unburnt forest is also likely to influence species recovery after fire (Banks et al., 
2011b). 
I examine the response of terrestrial native mammals to fire regime components and 
landscape heterogeneity in Chapter 4.
 35 
Table 2.3  Description of terrestrial native mammal species that are focal to this study, and references to studies of their responses to fire in different 
forest types of south-eastern Australia. No studies have been conducted in the foothill forests of the Central Highlands, Victoria. 
Species Vegetation 
Type 
Weight 
ranges 
(g)1 
Habit, Habitat  Diet Fire research in wet 
montane forest or 
dry sclerophyll 
forest, Victoria 
Fire research in dry 
sclerophyll forest, NSW 
Agile antechinus 
(Antechinus agilis) 
Foothill forest, 
damp forest 
16-40 Scansorial. Microhabitat preference 
near logs and fallen branches2. 
Nests above ground in tree 
hollows1 
Mostly invertebrates, 
occasionally small 
vertebrates and 
carcasses and fruit1,3. 
Wet forest: 
 Banks et al., (2011b)  
Lunney et al., (1987) 
Recher et al., (2009) 
Dusky antechinus 
(A. swainsonii) 
Foothill forest, 
damp forest 
37-178 Terrestrial, but occasional use of 
lower strata in trees. Nests in banks 
of creeks, or under soil layer, logs 
and grass1.  
Feeds on soil 
invertebrates, fruit1. 
 Lunney et al., (1987) 
Catling, (1991) 
Recher et al., (2009) 
Bush rat (Rattus 
fuscipes) 
Foothill forest, 
damp forest 
40-225 Terrestrial. Prefers dense 
understorey, including shrubs and 
ferns1.  
Insectivorous, but 
also feeds on fruits, 
seeds, fungi1. 
Dry forest: 
 Friend, (1979) 
Wet forest:  
Banks et al., (2011b) 
Newsome et al., (1975) 
Catling, (1991) 
Recher et al., (1975b) 
Fox and McKay, (1981) 
Fox, (1982) 
Lunney et al., (1987) 
Recher et al., (2009) 
Long-nosed 
bandicoot 
(Perameles nasuta) 
Damp forest 850-
1100 
Terrestrial. Forages by digging 
holes in the ground for insects and 
fungi1. Nests in hole on the surface 
of the ground under debris1. 
Insects and fungi1  Newsome et al., (1975) 
Catling, (1991) 
Catling et al., (2001) 
Arthur et al., (2012) 
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Species Vegetation 
Type 
Weight 
ranges 
(g)1 
Habit, Habitat  Diet Fire research in wet 
montane forest or 
dry sclerophyll 
forest, Victoria 
Fire research in dry 
sclerophyll forest, NSW 
Short-beaked 
echidna 
(Tachyglossus 
aculeatus) 
Foothill forest, 
damp forest 
2000-
7000 
Terrestrial. Uses dense 
undergrowth, hollow logs, 
occasionally wombat burrows1. 
Nests in self-built burrows.  
Specialised diet of 
termites and ants1. 
  
Common wombat 
(Vombatus ursinus) 
Foothill forest, 
damp forest 
22-
39kg 
Terrestrial. Burrows into ground for 
shelter, ranging from minor, 
medium (2-5m), and major (up to 
20m).  
Herbivorous diet 
primarily of grasses1. 
 Newsome et al., (1975) 
Catling, (1991) 
Catling et al., (2001) 
Arthur et al., (2012) 
Swamp wallaby 
(Wallabia bicolor) 
Foothill forest, 
damp forest 
10.3-
20.5kg 
Terrestrial. Associated with dense 
understorey.  
Feeds on plants 
including native and 
exotic grasses and 
shrubs1. 
 Newsome et al., (1975) 
Catling, (1991) 
Catling et al., (2001) 
Arthur et al., (2012) 
Garvey et al., (2010) 
Eastern grey 
kangaroo 
(Macropus 
giganteus) 
Foothill forest 3.5-
66kg 
Terrestrial. Uses trees and shrubs 
for shade, and moves to open areas 
to feed.  
Grazes on grasses 
and forbs1. 
 Newsome et al., (1975) 
Catling, (1991) 
Arthur et al., (2012) 
1. Strahan, (1995). 2. Johnstone et al., (2011) 3. Lunney et al., (2001) 
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2-5-3 Introduced mammal species 
Numerous mammal species were introduced into Victoria from Europe in the 1900’s 
motivated by settlers wanting familiar surroundings from their homeland (Lumsden et 
al., 1991). Many introduced mammal species have become successful in expanding 
their range throughout Australia. Seven introduced mammal species have been 
recorded in the region (Table 2.1) (Lumsden et al., 1991). The feral cat (Felis catus), 
red fox, European rabbit (Oryctolagus cuniculus), and sambar deer are all listed as 
threats for native species and plants under the federal EPBC Act. In addition, threat 
abatement plans have been created specifically for predation by the feral cat and red 
fox, and for competition and land degradation by the European rabbit. Predation of 
native animals by the feral cat and red fox, and reduction in biodiversity of native 
vegetation by sambar deer have also been recognised as potentially threatening 
processes under the Victorian State FFG Act. All of the introduced mammal species 
in this study are widespread and common, except for the black rat (R.rattus) (Lumsden 
et al., 1991).  
Research in south-eastern Australian forests specifically examining the response of 
introduced mammals to fire has been primarily in dry sclerophyll forests of coastal 
NSW (Table 2.4). In dry forests of NSW, introduced species have shown mixed 
responses to fire, with fluctuations in abundance during the post-fire succession 
(Newsome et al., 1975; Recher et al., 1975b; Fox & McKay, 1981; Fox, 1982; Lunney 
et al., 1987; Catling, 1991; Catling et al., 2001; Recher et al., 2009; Arthur et al., 
2012). One study has been conducted in foothill forests within the study area: this 
study reported that the abundance of the sambar deer was reduced in areas of high 
severity burns (Forsyth et al., 2012). No study has examined the relative effects of fire 
severity, fire history and landscape context on a suite of terrestrial introduced mammal 
species in foothill forests in the Central Highlands.  
Introduced species are a threat to populations of native fauna (Vitousek et al., 1997b). 
Therefore it is important to understand how introduced species are influenced by fire. 
Introduced mammal species in foothill forests are likely to respond in different ways 
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to fire components; most likely from indirect effects associated with changes in 
vegetation that influences their habitat components, as well as by species interactions 
such as predator/prey and competition (Arthur et al., 2012).  
I examine the response of terrestrial introduced mammals to fire regime components 
and landscape heterogeneity in Chapter 5.  
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Table 2.4 Description of focal introduced terrestrial mammal species and references to studies that have examined the response of mammals to fire in 
dry sclerophyll forests, south-eastern Australia.  
Species Vegetation Type Weight 
range (kg)1 
Habitat1  Diet Fire research in dry 
sclerophyll forest, 
NSW 
House mouse  
(Mus musculus) 
Foothill forest 0.008 -0.025 Brought into Australia by European settlers. 
Resides in wide range of habitats including 
agricultural fields and buildings.  
Omnivorous and feeds on a variety of food 
including seeds, grains, fungi and insects2. 
Newsome et al., (1975) 
Recher et al., (1975b)  
Catling, (1991)  
Fox and McKay, 
(1981)  
Fox, (1982) 
Lunney et al., (1987) 
Recher et al., (2009) 
Black rat  
(Rattus rattus) 
Damp forest 0.095 -0.340 First entry into Australia may have been 
with the First Fleet in 1988. Present in 
coastal regions, with more found close to 
urban areas.  
Omnivorous with a wide ranging diet1. Catling, (1991) 
Red fox  
(Vulpes vulpes) 
Foothill forest, 
damp forest 
4.0-8.3 Introduced into southern Victoria in the 
1860-70s. Widespread across most of 
Australia. Dens in burrows, hollow logs, 
dense shrubs.  
Predator. Mostly carnivorous and feeds on 
small-medium native and exotic mammals, 
carcasses, invertebrates, fruits1. 
Newsome et al., (1975) 
Catling, (1991) 
Catling et al., (2001) 
Recher et al., (2009) 
Feral Cat  
(Felis catus) 
Foothill forest, 
damp forest 
2.5-6.2 Possibly introduced before European 
settlement. Present in all ecosystems in 
Australia.  
Predator. Feeds on native small-medium 
sized vertebrates, including amphibians, 
reptiles, birds, and mammals, and 
invertebrates1. 
Newsome et al., (1975) 
Catling, (1991) 
Catling et al., (2001) 
Arthur et al., (2012) 
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Species Vegetation Type Weight 
range (kg)1 
Habitat1  Diet Fire research in dry 
sclerophyll forest, 
NSW 
Sambar deer  
(Cervus unicolor) 
Damp forest 109-245 Introduced into Victoria in the mid-
nineteenth century from south-east Asia. 
Present in forests of eastern Australia.  
Grazer and browser. Diet consists of grasses, 
shrubs and foliage, and introduced 
blackberries1. 
Catling, (1991) 
European rabbit  
(Oryctolagus 
cuniculus) 
Foothill forest, 
damp forest 
0.96-2.42 Deliberately brought into south-eastern 
Australia in 1858 from England. Associated 
with water sources.  
Grazes primarily on grasses and herbs, and 
also feeds on bark, leaves, roots, shrubs1.  
Newsome et al., (1975) 
Catling, (1991) 
1. Strahan, (1995) 2. Menkhorst and Knight, (2001). 
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CHAPTER 3 Fire severity and fire-induced landscape 
heterogeneity affect arboreal mammals 
This chapter has been published as: 
Chia, E.K., Bassett, M., Nimmo, D.G., Leonard, S.W., Ritchie, E.G., Clarke, M.F. & 
Bennett, A.F. (2015) Fire severity and fire-induced landscape heterogeneity affect 
arboreal mammals in fire-prone forests. Ecosphere, 6 (10):190. 
  
Koala (Phascolarctos cinereus), and Kinglake National Park. 
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3-1 Abstract 
In fire-prone regions, wildfire influences spatial and temporal patterns of landscape 
heterogeneity. The likely impacts of climate change on the frequency and intensity of 
wildfire highlights the importance of understanding how fire-induced heterogeneity 
may affect different components of the biota. Here, we examine the influence of 
wildfire, as an agent of landscape heterogeneity, on the distribution of arboreal 
mammals in fire-prone forests in south-eastern Australia. First, we used a stratified 
design to examine the role of topography, and the relative influence of fire severity 
and fire history, on the occurrence of arboreal mammals 2-3 years after wildfire. 
Second, we investigated the influence of landscape context on the occurrence of 
arboreal mammals at severely-burnt sites. Forested gullies supported a higher 
abundance of arboreal mammals than slopes. Fire severity was the strongest influence, 
with abundance lower at severely-burnt than unburnt sites. The occurrence of 
mammals at severely burned sites was influenced by landscape context: abundance 
increased with increasing amount of unburnt and understorey-only burnt forest within 
a 1 km radius. These results support the hypothesis that unburnt forest and moist 
gullies can serve as refuges for fauna in the post-fire environment and assist 
recolonisation of severely burned forest. They highlight the importance of spatial 
heterogeneity created by wildfire and the need to incorporate spatial aspects of fire 
regimes (e.g. creation and protection of refuges) for fire management in fire-prone 
landscapes. 
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3-2 Introduction 
Fire exerts a profound influence on the structure and function of ecosystems 
worldwide (Bond & Keeley, 2005; Pausas et al., 2008). Fire-dependent ecosystems – 
those in which species have evolved in the presence of fire – encompass over 50% of 
the global terrestrial area and support a large proportion of the world’s biota (Shlisky 
et al., 2007). In such ecosystems, large fires are a key influence on the creation and 
maintenance of landscape heterogeneity (Turner et al., 1994; Burton et al., 2008), with 
post-fire successional changes influencing vegetation structure and biota for decades 
or even centuries (Schoennagel et al., 2008; Haslem et al., 2011). While many studies 
have investigated temporal changes in the occurrence and abundance of species in 
post-fire succession (e.g. Fox, 1982; Briani et al., 2004; Kelly et al., 2011), less 
attention has been given to how fire-induced spatial heterogeneity, and the factors that 
determine such heterogeneity, affect the distribution of plant and animal species (but 
see e.g. Brotons et al., 2005; Fuhlendorf et al., 2006; Lindenmayer et al., 2013).  
Landscape heterogeneity is influenced by multiple components of the fire regime 
(sensu Gill, 1975), mediated by environmental variation (e.g. topography, climate; 
(Noss et al., 2006; Bradstock et al., 2010; Mackey et al., 2012). Fire intensity, for 
example, varies within a fire boundary such that some patches of vegetation remain 
unburnt, some are burnt at low severity (e.g. understorey only is burnt), and others 
experience high severity fire (both understorey and canopy are consumed) (Burton et 
al., 2008; Schoennagel et al., 2008; Roman-Cuesta et al., 2009). In forested 
landscapes, these patterns are modified by topography: gullies and drainage lines are 
less likely to be severely burnt than slopes due to less flammable vegetation, protection 
from wind and higher moisture levels (Bradstock et al., 2010; Leonard et al., 2014a; 
Berry et al., 2015b). Environmental variables that modify fire effects, such as 
topography or vegetation, can also influence resource availability (e.g. soil and water 
nutrients) which affects the distribution of biota (Soderquist & Mac Nally, 2000; 
Keppel et al., 2012). The prior fire history of a landscape, such as the time since last 
fire, adds further complexity to spatial patterns (Turner et al., 1994; Avitabile et al., 
2013).  
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Landscape heterogeneity from large fires influences the distribution of animal species 
in several ways. First, there may be a direct effect via mortality of species at different 
locations during, or shortly after, a major fire (Whelan et al., 2002). Second, indirect 
effects of fire on species distributions arise via spatial variation in the fire regime with 
consequent variation in the composition and structure of vegetation, which determine 
the availability of resources (shelter, refuge, foraging substrates) for species (Smucker 
et al., 2005; Fontaine et al., 2009; Nimmo et al., 2014). Knowledge of the post-fire 
conservation status of species depends on understanding the relationship between the 
fire regime and occurrence of species across the landscape, and how this is moderated 
by environmental variation.  
Third, landscape heterogeneity arising from large wildfires influences the spatial 
context of individual sites and the potential for species to persist or recolonise (Brotons 
et al., 2005; Watson et al., 2012a; Lindenmayer et al., 2013). In particular, unburnt, or 
less severely burnt, vegetation may act as a refuge for fauna within large fires and have 
a strong influence on post-fire patterns of occurrence in the burnt landscape (Robinson 
et al., 2013). If such refuges do serve as a source for recolonisation and faunal 
recovery, then the occurrence of species in burnt sites is likely to be influenced by the 
proximity and amount of unburnt vegetation. In contrast, if post-fire recovery is driven 
primarily by in situ survival rather than dispersal and recolonisation (Banks et al., 
2011b), then context effects are less likely.  
Here, we examine the influence of wildfire, as a driver of landscape heterogeneity, on 
the distribution of arboreal mammals in fire-prone eucalypt forests in south-eastern 
Australia. These are among the most fire-prone forests in the world (Adams & Attiwill, 
2011). The limited evidence available, particularly from tall wet forests (e.g. 
Lindenmayer et al., 2013), suggests that arboreal mammals are particularly vulnerable 
to wildfire. This study was undertaken in the lower altitude foothill forests within the 
boundary of the Kilmore East-Murrindindi fire complex, an extensive wildfire which 
started on “Black Saturday”, February 2009; and resulted in ~250 000 ha of forest 
being burnt, the loss of 1780 houses and tragically, 159 human fatalities (Teague et 
al., 2010).  
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The study had two main components. First, we used a stratified design to investigate 
the effect of topography, wildfire severity and fire history on the occurrence of 
arboreal mammals two years after wildfire. We predicted that 1) forest gullies would 
support a greater abundance of arboreal mammals than adjacent slopes; and 2) fire 
severity would be the primary influence on mammal occurrence after fire, such that 
severely-burnt sites would support fewer animals than unburnt or less severely-burnt 
sites. Second, we investigated the influence of landscape context on the occurrence of 
arboreal mammals in severely-burnt forest, by selecting sites with different levels of 
spatial isolation from unburnt forest. We hypothesized that isolation would have a 
detrimental effect on arboreal mammals because a) mortality from the fire event, or b) 
a reduction in habitat suitability, would limit the rate of recolonisation of isolated sites 
in severely-burnt forest. Hence, we predicted 3) that the abundance of arboreal 
mammals in severely burned forest would increase as the amount of surrounding 
unburnt forest increased.  
3-3 Material and Methods 
3-3-1 Study area  
The study was undertaken in temperate eucalypt forests of central Victoria, south-east 
Australia (Figure 3.1). Elevation ranges from ~150-1000 m, and the topography is 
varied, including steep gully systems and gentle slopes and hills. The climate is 
temperate with mild summers (mean daily maximum and minimum temperatures of 
25 °C and 12°C, respectively) and cool winters (9°C and 4°C, respectively). Mean 
annual rainfall is ~1300 mm. From 1997 to 2009, prior to the wildfire, the region 
experienced an extended and severe drought (van Dijk et al., 2013). Subsequently, 
above-average rainfall occurred in both 2010 and 2011, to end the drought. 
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Figure 3.1 Location of study sites within the boundary of the Kilmore East-
Murrindindi wildfire. For the ‘fire regime’ study, sites were stratified by severity 
(unburnt, understorey-only burnt and severe) and fire history before the wildfire (long 
> 20yrs, or short < 3yrs). For the ‘isolation study’, sites were in severely burnt forest 
and were surrounded by different amounts of unburnt and understorey-only burnt 
forest in a 1km radius.  
The study area is dominated by foothill forests of messmate stringybark (Eucalyptus 
obliqua) and broad and narrow-leaf peppermint (E. dives and E. radiata), with a 
canopy height of 25-30 m. In contrast to montane ash eucalypt forest (dominated by 
E. regnans or E. delegatensis), in foothills forest the overwhelming majority of 
eucalypts survive even high intensity fire, regenerating from epicormic shoots 
(Benyon & Lane, 2013). Lower slopes commonly have a mid-understorey of trees and 
shrubs such as blackwood wattle (Acacia melanoxylon), prickly tea-tree 
(Leptospermum continentale), and prickly currant-bush (Coprosma quadrifida). The 
understorey often contains austral bracken (Pteridium esculentum) and a mixture of 
grasses and herbs. In gullies, blue gum (E. globulus) occurs along with understorey 
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species that prefer moister conditions (e.g. rough tree-fern (Cyathea australis) and 
common understorey-fern (Calochlaena dubia).  
3-3-2 Site selection 
Sites were selected in the western part of the Kilmore East-Murrindindi fire complex, 
mostly in managed forests or national parks (Figure 3.1). In the first component of the 
study (‘fire regime study’), we examined the relative influence of fire severity, fire 
history and time since fire on arboreal mammals. We selected 24 sites, stratified to 
represent combinations of fire severity (unburnt, understorey burnt, severely burnt) 
and fire history (not burnt for > 20 yrs before 2009, burnt within 3 yrs prior to 2009), 
with four replicates of each of the six combinations. Sites were located with a fire 
severity layer, aerial photography and fire history data from the Department of 
Environment and Sustainability, in a Geographic Information System (GIS). After 
selection, sites were inspected to verify fire severity and history. Each site 
encompassed a 5 ha area of forest of the same fire severity, and included a gully and 
slope (~100 m apart). Sites disturbed by logging in the last 50 years (clearfell and 
selected logging) were excluded. Sites were at least 100 m from roads or areas of 
different fire severity. 
In the second component of the study (‘isolation study’), we investigated the effect of 
isolation on the occurrence of arboreal mammals in severely-burnt forest. We chose 
14 sites that were severely burnt (i.e. both understorey and canopy were 
scorched/burnt), located either close to (< 1 km) or far from (2-5 km) patches of 
unburnt forest or forest with understorey-only burn. We calculated the total amount of 
unburnt forest and forest with understorey-only burnt within a radius of 1 km. All sites 
from both studies were at least 2 km apart. 
3-3-3 Spotlight surveys  
In the fire regime study, spotlight surveys were undertaken ~2.5 years post-wildfire, 
with four survey rounds completed at 28 sites from August-November 2011. Surveys 
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were conducted by two people simultaneously at each site: one along a gully transect 
and one along the adjacent slope (at least 100 m apart), both within forest vegetation. 
Observers moved in the same direction, remaining in communication to avoid 
counting the same animal. Each transect was 200 m and was searched for 20 mins 
using a handheld LED spotlight (LED Lenser M14). 
For the isolation study, spotlight surveys were carried out ~3.5 years post-wildfire, 
with four survey rounds at 14 sites from August-November 2012. At each site, two 
observers simultaneously moved away (opposite directions) from the site midpoint, 
walking slowly along a forest track, searching the forest on both sides of the track 
along a 400 m transect (800 m in total) for 30 mins. Observers used a handheld 
spotlight (50-watt, 12 V battery pack). 
In each study, observers recorded all arboreal mammals seen or heard and the distance 
(with a rangefinder). Surveys commenced at least an hour after sunset (for animals to 
leave their dens) and nights with strong wind or rain were avoided.  
3-3-4 Statistical analyses 
Response and predictor variables. We used regression modelling to examine: a) the 
effects of topography (gullies and slopes) on the abundance of arboreal mammals; b) 
the effect of fire severity, fire history and time since fire on the number of arboreal 
mammals seen or heard; and c) the effect of isolation on the number of arboreal 
mammals recorded in severely burnt forest.  
Response variables for the fire regime study included the total number of arboreal 
mammals and of the greater glider (Petauroides volans), and the species richness of 
arboreal mammals, over four surveys combined. For the isolation study, four response 
variables were included: total number of arboreal mammals, greater gliders and 
common ringtail possum (Pseudocheirus peregrinus), and species richness, all over 
four surveys. Other species were not modelled due to insufficient records (i.e. less than 
10 records per species).  
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Predictor variables for each component of the study are given in Table 3.1. We 
included the number of large trees as a measure of habitat suitability as these are more 
likely to contain hollows used as den sites by arboreal mammals (Gibbons & 
Lindenmayer, 1997). For the fire regime study, we counted the number of large trees 
(diameter > 60 cm) on each gully and slope transect (100 m x 20 m). A linear mixed 
model revealed no significant difference in the number of large trees between fire 
severity classes. For the isolation study, we counted large trees on four transects (10 x 
50 m), all within severely-burnt forest, on opposite sides of the road at even distances.  
Table 3.1 Description of predictor variables used in the fire regime and isolation 
studies with the first level for each categorical variable used as the reference level.  
Variable Level Description 
Fire regime study   
 Topography Gully Topographic location 
Slope  
 Severity Unburnt Not burnt in 2009 wildfire 
Understorey Ground and/or understorey burnt 
Severe Canopy scorched or completely burnt 
 History Long Unburnt ≥20 years before 2009 wildfire  
Short Burnt <3 years before 2009 wildfire 
 Time since fire 20yrs > 20 years since the last fire 
3yrs < 3 years since the last fire 
0yrs Burnt in the 2009 wildfires 
 Tree Continuous Number of large trees > 60 cm diameter 
Isolation study   
 Area unburnt Continuous Area (ha) of unburnt forest within 1 km radius 
 Area understorey Continuous Area (ha) of unburnt and understorey burnt forest 
combined within 1 km radius 
 Tree Continuous Number of large trees > 60 cm diameter 
Reserve NA Geographic location of sites based on land 
management (random factor in all models) 
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For the isolation study, continuous predictor variables were centered and scaled, by 
subtracting the mean from each observation and dividing by their standard deviations, 
to allow comparisons. Log transformation (with a constant of 0.001 added) of predictor 
variables was modelled if there was evidence of improved model fit (i.e. AIC > 2).  
Model selection. We used generalized linear mixed models (GLMM) to relate 
response variables to predictor variables, appropriate when response variables are not 
normally distributed and there is potential for temporal or spatial auto-correlation 
(Zuur et al., 2009). A Poisson distribution (for count data) and a log-link function were 
specified for all response variables. Site groups based on geographic location of 
reserves (reserve) were added as a random effect to account for spatial correlation 
(Table 3.1). If models were overdispersed (> 1.5) using Pearson’s residuals, an 
observation-level random effect was included to account for additional variance (Zuur 
et al., 2009).  
We used model selection within an information theoretic framework to compare 
competing hypotheses on the relative effect of predictor variables on mammal 
response variables. A model set was chosen for each study component, based on 
conceivable ecological scenarios (see Table S3.1) (Burnham & Anderson, 2002). 
Model structures were fitted to each response variable with GLMM. Models were 
ranked for model fit and complexity using Akaike’s Information Criterion corrected 
for small sample size (AICc), differences in AICc (ΔAICc), and Akaike weights (wi). 
All models with ΔAICc < 2 from the top model (lowest AIC) were considered to have 
substantial support (Burnham & Anderson, 2002). Parameter estimates were examined 
for models with substantial support. Predictor variables were considered to have an 
important influence on the response variable if the 95% confidence interval for the 
parameter coefficient did not overlap with zero (i.e. z < -1.96 or z > 1.96) (Burnham 
& Anderson, 2002). If a predictor variable was important, then model predictions were 
generated with the univariate model. Additional assumptions of models were checked 
by plotting the residuals of the predictor variables. R2 was quantified as a measure of 
model fit for marginal (fixed factors) and conditional (fixed and random factors) 
values (Nakagawa & Schielzeth, 2013).  
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All statistical analyses were conducted in the R statistical package version 3.1.1 (R 
Development Core Team, 2014). GLMMs and predictions were run with ‘lme4’, 
‘MuMIn’ and ‘AICcmodavg’ packages (Bartoń, 2014; Bates et al., 2014; Mazerolle, 
2014). R2 values were calculated with the ‘rsquared.glmm’ function (Lefcheck & 
Casallas, 2014).  
3-4 Results 
3-4-1 Species recorded and topography 
In the fire regime study, six species of arboreal mammal (all marsupials) were 
recorded: the greater glider was the most common (28 observations), then mountain 
brushtail possum (Trichosurus cunninghami), common brushtail possum (T. 
vulpecula), common ringtail possum, sugar glider (Petaurus breviceps), and koala 
(Phascolarctos cinereus) (Table S3.2). Overall, 57 observations were made at 24 sites 
on 192 spotlight transects. Most animals were observed at unburnt sites (50.9% of 
total) and less in understorey (38.6%) and severely-burnt sites (10.5%) (equal number 
of sites in each fire severity class).  
The number of observations were too few to generate a robust detection function to 
examine differential detectability using distance sampling (Buckland et al., 2001). To 
test for differences in detectability in forest of different fire severity, we used a linear 
model to compare the distance from observer to a) any arboreal mammal and b) a 
greater glider (species with sufficient observations), in relation to three classes of fire 
severity (unburnt, understorey burnt, severely burnt). The greater glider response was 
log-transformed to meet assumptions of normality. There was no difference in mean 
sighting distance amongst fire severity classes for total arboreal mammals (F2:44, 
=0.537, P=0.588) or for the greater glider (F2:25, =0.472, P=0.629). Therefore, we 
assumed no difference in detection amongst severity classes.  
More observations of arboreal mammals (all species combined) occurred in gullies 
than on slopes (Table S3.2) (GLMM, estimate = -0.54 + 0.27 SE, Z = -1.96). There 
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was no difference in the number of greater gliders (estimate = -0.44 + 0.39, Z = -1.13) 
or in species richness (estimate = -0.57 + 0.35, Z = -1.64) between gullies and slopes. 
In the isolation study, four species were recorded: greater glider, mountain brushtail 
possum, common ringtail possum and sugar glider (Table 3.2). In total, 44 animals 
were recorded at 14 sites on 112 transects. 
3-4-2 Fire regime study 
We tested the relative influence of fire severity, fire history, time since fire and number 
of large trees for each response variable: overall, fire severity had the greatest 
influence (Table 3.2). There were no “best” models for which wi > 0.90, hence we 
considered models with substantial support (ΔAICc < 2) and examined their parameter 
estimates.  
For the total number of arboreal mammals, three models including a) fire severity, b) 
large trees, and c) fire severity plus fire history) had substantial support (Table 3.2). 
Upon examination of the parameter estimates, the abundance of arboreal mammals 
was most strongly influenced by fire severity (Table 3.3). In both the severity model, 
and the severity plus history model, fewer individuals were observed in severely-burnt 
sites than at unburnt sites (Figure 3.2). There was no difference in the number of 
individuals between understorey burnt and unburnt sites, nor with sites with a different 
number of large trees (Table 3.3).  
For the abundance of the greater glider, two models had substantial support, namely 
1) fire severity plus large trees, and 2) fire severity plus fire history plus large trees 
(Table 3.2). Fire severity and the number of large trees were important variables in 
both models (Table 3.3). Fewer individuals were observed in severely burnt than in 
unburnt sites, and greater gliders were positively associated with sites containing more 
large trees (Figure 3.2). 
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Table 3.2 Models with the most support (ΔAIC< 2) for each response variable in the fire regime and isolation studies including AIC values presented 
for each alternative model and model fit represented by R2m (variance explained by fixed predictors) and R2c (variance explained by both fixed and 
random predictors). †Log transformed. 
Response variable Model structure df Log likelihood AICc ΔAICc Akaike 
weight 
R2m R2c 
Fire regime study         
All arboreal mammals Severity  5 -45.29 103.9 0.00 0.39 0.33 0.33 
Tree 4 -47.38 104.9 0.96 0.24 0.13 0.13 
Severity + History 6 -44.37 105.7 1.77 0.16 0.38 0.38 
Greater glider  Severity + Tree 5 -28.14 69.6 0.00 0.59 0.62 0.86 
Severity + History + Tree 6 -27.10 71.1 1.54 0.28 0.61 0.90 
Species richness Severity + History 5 -31.43 76.2 00.00 0.34 0.35 0.35 
Tree 3 -34.79 76.8 0.59 0.25 0.07 0.07 
Severity 4 -33.74 77.6 1.38 0.17 0.20 0.20 
Isolation study         
All arboreal mammals Area understorey† 4 -26.76 66.2 0.00 0.68 0.65 0.75 
Greater glider Area understorey + Tree 4 -15.52 43.5 0.00 0.49 0.40 0.65 
Area unburnt + Tree 4 -15.79 44.0 0.55 0.38 0.27 0.64 
Common ringtail possum Area understorey† + Tree 4 -15.06 42.6 0.00 0.35 0.60 0.85 
Tree 3 -17.26 42.9 0.36 0.29 0.16 0.76 
Area understorey 3 -17.32 43.0 0.48 0.28 0.64 0.84 
 Species richness Area understorey 3 -16.86 42.1 0.00 0.65 0.60 0.60 
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Table 3.3  Model parameters and coefficients for models with substantial support 
(i.e. ΔAICc < 2) in the fire regime study.  
Response 
variable 
Model structure Variable Parameter Coefficient SE Z 
All 
arboreal 
mammals 
Severity Severity Intercept 1.00 0.34 2.98 
Understorey -0.17 0.46 -0.37 
Severe -1.49* 0.58* -2.59* 
Tree Tree Intercept -0.69 0.77 -0.90 
Tree 0.15 0.09 1.74 
Severity + History Severity Intercept 1.29 0.43 2.96 
Understorey -0.21 0.50 -0.42 
Severe -1.54* 0.65* -2.38* 
History Short -0.57 0.44 -1.31 
Greater 
glider 
Severity + Tree Severity Intercept -2.06 1.26 -1.64 
Understorey 0.43 0.48 0.90 
Severe -2.52* 1.06* -2.38* 
Tree Tree 0.28* 0.11* 2.51* 
Severity + History 
+ Tree 
Severity Intercept -2.31 1.14 -1.63 
Understorey 0.39 0.51 0.76 
Severe -2.80* 1.09* -2.58* 
History Short  -0.75 0.52 -1.44 
Tree Tree 0.35* 0.13* 2.70* 
Species 
richness 
Severity + History Severity Intercept 0.88 0.29 3.00 
Understorey -0.15 0.39 -0.39 
Severe -0.85 0.49 -1.74 
History Short  -0.79* 0.38* -2.07* 
Tree Tree Intercept -0.29 0.52 -0.56 
Tree 0.08 0.06 1.22 
Severity Severity Intercept 0.56 0.27 2.09 
Understorey -0.15 0.39 -0.39 
Severe -0.85 0.49 -1.74 
Note: Reference categories for categorical variables were unburnt (fire severity), and long > 20 years 
(fire history).* Parameters are considered important if the 95% confidence limits of the coefficient do 
not overlap zero (i.e. Z values of > 1.96 or < -1.96). 
. 
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Figure 3.2 Predicted values with 95% CI from univariate models of important 
variables and response variables for the fire regime study and the isolation study 
including a) total number of arboreal mammals, b) number of greater gliders, and c) 
number of common ringtail possums. 
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Species richness had three plausible models including 1) fire severity plus fire history, 
2) large trees, and 3) fire severity (Table 3.2). The parameter estimates of these models 
showed that fire history was the only influential variable (Table 3.3). Species richness 
was lower at sites with a short fire history where there had been a recent burn (< 3 
years) prior to the wildfires. 
3-4-3 Isolation study 
Isolation of severely-burnt sites from unburned forest within the wildfire boundary 
influenced the abundance of arboreal mammals. For total arboreal mammals, only the 
top model had substantial support (Table 3.2). The number of mammals increased with 
the combined area of surrounding unburnt and understorey-only burnt forest (Table 
3.4; Figure 3.2).  
The abundance of greater gliders was supported by two models; 1) the combined area 
of surrounding unburnt and understorey burnt forest plus large trees, and 2) the area 
of surrounding unburnt forest plus large trees (Table 3.2). There was a positive 
association between greater glider abundance and area of surrounding unburnt forest 
(Figure 3.2), and combined unburnt and understorey-only burnt forest (Table 3.4). 
Surprisingly, there was also a negative relationship with the number of large trees 
(Table 3.4).  
For the common ringtail possum, three models had substantial support including 1) 
area of combined unburnt and understorey-burnt forest plus large trees, 2) large trees, 
and 3) area of combined unburnt and understorey-burnt forest (Table 3.2). The number 
of large trees was the only important parameter, with a positive relationship between 
the number of common ringtail possums and abundance of large trees at a site (Table 
3.4, Figure 3.2). 
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Table 3.4 Model parameters and coefficients for models with substantial support 
(i.e. ΔAICc < 2) in the isolation study. 
Response 
variable 
Model structure Variable Coefficient SE Z 
All arboreal 
mammals 
Area understorey  Intercept 0.28 0.51 0.56 
Area understorey† 1.35* 0.57* 2.35* 
Greater 
glider 
Area understorey + Tree Intercept -0.83 0.84 -0.99 
Area understorey 0.89* 0.40* 2.21* 
Tree -1.02* 0.33* -3.10* 
Area unburnt + Tree Intercept -0.80 0.96 -0.84 
Area unburnt 0.69* 0.29* 2.36* 
Tree -0.84* 0.31* -2.75* 
Common 
ringtail 
possum 
Area understorey + Tree Intercept -1.32 1.07 -1.23 
Area understorey† 1.72 1.22 1.41 
Tree 0.63 0.35 1.79 
Tree Intercept -0.61 0.86 -0.72 
Tree 0.75* 0.38* 1.98* 
Area understorey  Intercept -1.15 1.09 -1.05 
Area understorey† 1.88 1.30 1.45 
Species 
richness 
Area understorey  Intercept -0.22 0.38 -0.57 
Area understorey† 0.99* 0.49* 2.01* 
†Log transformed. * Parameters are considered important if the 95% confidence limits of the 
coefficient do not overlap zero (i.e. Z values of > 1.96 or < -1.96).  
Species richness of arboreal mammals had one model with support (the top model), 
the combined area of unburnt and understorey-only burnt forest (Table 3.2). Species 
richness increased with the surrounding area of both unburnt and understorey burnt 
forest (Table 3.4). 
3-5 Discussion  
In this study, we used the opportunity arising from a major wildfire to investigate how 
arboreal mammals are affected by fire-induced landscape heterogeneity and landscape 
context in a rarely-studied forest type. The study has three key findings. First, the 
abundance of arboreal mammals was influenced by topography, with higher 
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abundance in forest gullies than on adjacent slopes (pooled across all fire severity 
classes). Second, fire severity was an important factor in the abundance of arboreal 
mammals at 2.5 years post-wildfire. Severely burnt forest supported fewer animals 
than unburnt forest. Third, in a separate study at 3.5 years after fire, the abundance of 
arboreal mammals in severely-burnt forest was influenced by landscape context: the 
number of arboreal mammals was positively related to the amount of surrounding 
unburnt or understorey-burnt forest. Together, these findings highlight the importance 
of environmental variation and fire-induced landscape heterogeneity in the aftermath 
of major wildfires. They are consistent with the view that mesic forest gullies and 
patches of unburnt or less-severely burnt forest (understorey only burnt) have a role as 
refuges for arboreal mammals in severely burnt landscapes, and that such refuges assist 
the recovery of mammal populations after wildfire.  
We recorded six species of arboreal mammal, all of which occurred in relatively low 
abundance (in both burned and unburned forest) compared with other studies in south-
eastern Australia (e.g. Lunney, 1987; Bennett et al., 1991). Two additional species 
potentially occur in the region (yellow-bellied glider (Petaurus australis), feather-
tailed glider (Acrobates pygmaeus)) but were not detected. The low abundance of 
arboreal mammals is likely due, at least in part, to the study occurring shortly after the 
end of a decade of drought, the worst drought on record in south-eastern Australia (van 
Dijk et al., 2013). In the nearby wet forests of the Central Highlands, the greater glider 
has declined at a yearly rate of 8.8% in the 12 years prior to 2010 in part due to low 
rainfall (Lindenmayer et al., 2011a). Other species in these forests are also vulnerable 
to low rainfall, for example the sugar glider (Lindenmayer et al., 2011b). Similarly, 
drought caused a decrease in arboreal mammals in coastal forests of New South Wales, 
Australia (Lunney, 1987). The paucity of records means that the clearest results relate 
to pooled data for all arboreal mammal species rather than for individual species.  
3-5-1 Topographic influence 
Mesic gullies supported a greater abundance of arboreal mammals (all species) than 
slopes. Other studies have also reported a greater abundance of arboreal mammals in 
Chapter 3: Fire severity and fire-induced landscape heterogeneity affect arboreal mammals  
59 
gullies in forests in southern Australia (e.g. Lindenmayer et al., 1990; Pausas et al., 
1995), including after wildfire (Lunney, 1987; Berry et al., 2015a). The topographic 
location of gullies, their high moisture content and fire resistant vegetation reduce 
exposure to high severity fires (or even multiple fires), allowing them to maintain 
structural complexity, including trees with hollows (Collins et al., 2012). Gullies not 
only are important for the recovery of arboreal mammal populations and other species 
shortly after fire, but also provide valuable habitats in the long term (Collins et al., 
2012; Diffendorfer et al., 2012; Bassett et al., 2015).  
3-5-2 Relative influence of fire severity  
Wildfire severity was the most important component of the fire regime driving 
arboreal mammal abundance in these foothill forests. Several factors contribute to 
reduced abundance in severely burned forest. First, injury or mortality during, or 
immediately after, a fire is likely to be higher in severely-burnt forest compared with 
forest burnt at low severity. Animals often survive in less intense fires or unburnt areas 
(Garvey et al., 2010; Banks et al., 2011a). Arboreal mammals are less able to escape 
than more mobile taxa such as birds (Whelan et al., 2002). The lower abundance in 
severely burned forest at the time of this survey (2.5 years post-fire) may reflect fire 
mortality, with insufficient time for populations to recover.  
Second, lower abundance in severely burnt forest is likely associated with habitat less 
suitable to sustain populations. At the time of the study, severely burned forest was in 
the early stages of recovery after incineration or death of canopy foliage. Even though 
the canopy was re-sprouting, this may not have been sufficient to support arboreal 
mammal populations. Post-fire shortage of foliage as food for folivores, such as the 
greater glider, would severely affect local populations (Lindenmayer et al., 2013). 
Loss of canopy and vegetation structural complexity also equates to less cover for 
possums and gliders (Catling et al., 2001; van der Ree & Loyn, 2002). Other structural 
changes, such as reduced availability of tree hollows for nesting (Inions et al., 1989; 
Banks et al., 2011a) also limit populations. Severe fire can exacerbate the collapse of 
large hollow-bearing trees, and reduce the number of den sites for arboreal mammals 
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(Inions et al., 1989; Banks et al., 2011a; Collins et al., 2012). It is interesting to note 
that the relationship of arboreal mammal abundance to fire severity is comparable to 
that described by (Lindenmayer et al., 2013) in montane ash eucalypt forest at a similar 
time post-fire, despite the difference in post-fire canopy structure between foothills 
and ash forests (i.e. regenerating canopy versus largely absent canopy). This suggests 
that resources for arboreal mammals, including the foothill forest canopy, has not 
recovered sufficiently to allow restoration of arboreal mammal populations at 2-3 
years after wildfire. 
Third, arboreal mammal populations can be affected by predator activity; animals that 
survive fire may be more vulnerable to predation in burnt forest than in unburnt stands 
(Russell et al., 2003; Wayne et al., 2006) due to reduced cover and refuge. There is a 
need for better understanding of the relative roles of resource limitation, competition 
and predation in the persistence of individuals and populations after fire.  
3-5-3 Spatial isolation  
In severely burnt forest, sites that were more isolated from unburnt or understorey-
only burnt forest supported a lower abundance of arboreal mammals. There are two 
main options for population recovery in burned environments: survival in situ of some 
individuals, or recolonisation by individuals dispersing into the burned environment 
from unburned forest (Banks et al., 2011b). In many situations, both processes are 
likely. Evidence for an isolation effect in this study lends support to the hypothesis 
that the status of populations in severely-burned forest is influenced, at least in part, 
by recolonisation from nearby unburned areas.  
Little is known of the processes of faunal dispersal and (re)colonization following fire 
(Robinson et al., 2013). It is likely to depend on distance from source populations, size 
of source populations and the relative mobility of the taxa involved (Brotons et al., 
2005; Banks et al., 2011b; Watson et al., 2012a; Lindenmayer et al., 2013). This study 
indicates that recovery of the arboreal mammal assemblage remains incomplete at 3.5 
years post fire, although there may be differences between taxa. While an isolation 
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effect was detected for total arboreal mammals and the greater glider, it was not 
evident for the common ringtail possum, although records were sparse. 
3-5-4 Implications for conservation  
Fire creates spatial heterogeneity in forest landscapes by variation in fire severity 
within a single fire, and by the combined effects of multiple fires over decades. This 
study in foothill eucalypt forests, together with work in nearby montane forests 
(Lindenmayer et al., 2013), demonstrates that arboreal mammals are particularly 
sensitive to fire severity even in forests with re-sprouting canopy, being less abundant 
in severely burned forest within the post-fire environment. Further, the positive 
influence of surrounding unburnt forest is consistent with the hypothesis that post-fire 
population recovery is assisted by recolonisation from nearby source areas. Thus, 
scarce patches of unburnt forest within and adjacent to the fire boundary (< 1% of the 
total area: Leonard et al., 2014a) have important conservation value as refuges, at least 
in the short term.  
The presence of unburnt patches in foothill forests was determined primarily by 
topography, fire intensity and time since last fire (Leonard et al., 2014a). Such refuges 
were more likely to occur in less severe fire conditions, and be located in moister 
gullies or areas recently burned (< 3 years) prior to the wildfire. Thus, planned burning 
has potential to contribute to refuge habitat for arboreal mammals in the face of 
subsequent wildfire, by strategically reducing fuel loads to reduce the likelihood of 
high-severity fire in important areas such as moist gullies and drainage lines, and forest 
stands of high quality habitat for arboreal mammals and other forest fauna (e.g. mature 
forest with high density of large old trees).  
While this study has identified fire severity and fire-induced landscape heterogeneity 
as important influences on arboreal mammals in foothills forest, the fauna of this 
extensive system are also under pressure from other disturbances, such as introduced 
predators and competitors, logging, expanding human settlement, and climatic 
extremes such as drought. Targeted studies, along with long-term monitoring, will be 
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important to understand the interactions between fire and these other stressors; 
particularly in the context of a changing climate expected to increase the size, 
frequency and intensity of wildfire (McKenzie et al., 2004; Wotton et al., 2010). 
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3-7 Supplementary material 
Table S3.1 Model structures of GLMMs fitted to each response variable for the fire 
regime and isolation studies with the inclusion of ‘reserve’ as a random effect in all 
models, and in the fire regime study an additional observational level random effect 
was included for the total number of all arboreal mammals as a response variable.  
Fire regime study  Isolation study 
Severity Area unburnt 
Time Since Fire Area understorey 
Tree Tree 
Severity + History Area unburnt + Tree 
Severity + Tree Area understorey + Tree 
Time Since Fire + Tree  
Severity + History + Tree  
Severity* History  
(Severity* History) + Tree  
Table S3.2 Number of arboreal mammals recorded in the fire regime and isolation 
studies. 
Common name Scientific name Fire regime study Isolation 
study 
Gully Slope 
Greater Glider Petauroides volans 17 11 19 
Mountain Brushtail 
Possum 
Trichosurus cunninghami 6 3 3 
Common Brushtail 
Possum 
Trichosurus vulpecula 4 1 0 
Common Ringtail Possum Pseudocheirus peregrinus 4 1 18 
Sugar Glider Petaurus breviceps 3 2 3 
Koala Phascolarctos cinereus 0 1 0 
Unidentified  2 2 1 
Total number  36 21 44 
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CHAPTER 4 Effects of the fire regime on mammal 
occurrence after wildfire: site effects vs 
landscape context in fire-prone forests 
This chapter is published as: 
Chia, E.K., Bassett, M., Leonard, S.W., Holland, G.J., Ritchie, E.G., Clarke, M.F. & 
Bennett, A.F. (2015) Effects of the fire regime on mammal occurrence after wildfire: 
site effects vs landscape context in fire-prone forests. Forest Ecology and Management  
 
Severely burnt foothills forest, Kinglake National Park. 
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4-1  Abstract 
Wildfires have major impacts on ecosystems globally. Fire regimes (including fire 
frequency, intensity, season and type of fire) influence the status of species by altering 
habitat suitability at the site scale, and by creating heterogeneity at the landscape scale. 
The relative effects of site- and landscape-scale fire attributes on animal species are 
rarely examined together. Such knowledge is important, given that fire regimes are 
sensitive to changing land management practices; and that fires are predicted to 
become larger and more frequent in some regions as a result of climate change. Here, 
we tested the relative influence of elements of the fire regime (fire severity, fire 
history) at the site-scale, and the landscape context (extent of surrounding unburnt 
forest, fire heterogeneity) on the occurrence of native terrestrial mammals after severe 
wildfire in south-eastern Australia. We conducted surveys by using automatically 
triggered, infrared cameras at 80 sites in fire-prone eucalypt forests, 2-3 years post-
wildfire. Thirteen native mammal species were recorded, eight of which were detected 
with sufficient frequency for analysis. Most species were widespread (35-90% of sites) 
and recorded in all fire severity classes. Fire effects at the site-level were more 
influential than landscape context effects arising from heterogeneity in the fire regime 
(e.g. extent of surrounding unburnt forest). Fire severity was the most influential of 
the fire-regime elements investigated, but it affected different species in different 
ways. This study highlights three main points relevant to conservation of terrestrial 
mammals after wildfire. First, spatial variation in fire severity associated with wildfire 
(ranging from unburned to severely burned stands) is an important contributor to the 
post-fire status of species. Second, post-fire environmental conditions are significant: 
here, rapid regeneration of vegetation following drought-breaking rains greatly 
influenced the suitability of post-fire habitats. Third, it is valuable to consider the 
effects of the fire regime at multiple scales, including both the site (forest stand) and 
its landscape context. Insights from short-term surveys, such as this, will be enhanced 
by complementary longitudinal studies, especially where they encompass 
environmental variation through the post-fire succession.  
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4-2 Introduction 
Fire has an important role in determining the distribution and abundance of species in 
fire-prone regions globally (Bond et al., 2005; Bowman et al., 2013). Multiple 
components of the fire regime (sensu Gill, 1975), including fire frequency, intensity, 
season and type of fire, can influence biodiversity (Gill, 1975; Gill & Allan, 2008). 
The intensity of a large wildfire, for example, influences the composition and spatial 
pattern of plant communities (Turner et al., 1994; Pausas et al., 2008; Roman-Cuesta 
et al., 2009). While knowledge of the relationship between fire regimes and plant 
communities is growing (Whelan et al., 2002; Driscoll et al., 2010), much less is 
known about the components of the fire regime and their influence on fauna and 
ecosystems (Clarke, 2008; Fontaine & Kennedy, 2012). Fire regimes are expected to 
change in future decades as a consequence of climate change (Krawchuk et al., 2009; 
Moritz et al., 2012); wildfires are predicted to increase in size, occurrence and 
frequency over a longer fire season in some fire-prone areas (McKenzie et al., 2004; 
Wotton et al., 2010; Clarke et al., 2011). Fire regimes are also altered by changes in 
land management practices, including the use of planned burning for ecological or fuel 
reduction purposes (Moritz et al., 2012; Parks et al., 2015). 
The fire regime can influence the occurrence of animal species at two spatial scales: 
a) at the site-level via its influence on the suitability of habitat at a particular location; 
and b) at the landscape-level via its influence on the landscape context of a site. At the 
site-level, fire intensity and the time between fires are important components of the 
fire regime. Fire intensity relates to the amount of energy emitted during the fire, whilst 
fire severity relates to the amount of vegetation or organic matter lost after a fire event 
(Keeley, 2009). Here, we refer to fire severity. A high severity fire may result in 
complete incineration of ground and canopy vegetation; whereas in a low severity fire 
the understorey may burn in a patchy manner and the canopy remains largely unburnt. 
Consequently, fire severity will have marked effects on the availability of resources 
such as shelter, foraging substrates and food for animal species post-fire (Keith et al., 
2002; Smucker et al., 2005; Fontaine et al., 2009). The effect of fire severity on fauna 
after wildfire has rarely been quantified (but see Lindenmayer et al., 2013). Fire 
Chapter 4: Effects of the fire regime on native mammal occurrence 
67 
history (including the time between fire events), can also influence the suitability of a 
site by affecting vegetation successional stage and associated habitat structure 
(Bradstock et al., 2005). Sequential fires at short or longer intervals can have differing 
outcomes for structural features that provide habitat resources for animal species 
(Haslem et al., 2011). For instance, in semi-arid mallee vegetation in Australia, long 
fire intervals (at least > 40 years) are required for tree hollows to develop and be 
suitable for hollow-nesting animals, whereas leaf litter can accumulate quickly within 
shorter fire intervals to provide habitat for other species (Haslem et al., 2011). 
At the landscape-level, spatial variation in components of the fire regime contribute to 
landscape heterogeneity. Large fires vary spatially in their intensity, leading to a post-
fire landscape of vegetation patches of differing fire severity (Schoennagel et al., 2008; 
Roman-Cuesta et al., 2009; Leonard et al., 2014a). Animal populations potentially are 
influenced by the way in which such fire-induced heterogeneity determines the 
landscape context at a particular site. For instance, a patchy mosaic of burnt and 
unburnt vegetation may benefit species that move between fire age-classes to obtain 
different resources (e.g. shelter, food) (Buchalski et al., 2013; Doumas & Koprowski, 
2013b). Unburnt patches within the landscape may act as refuges for species which 
otherwise are eliminated from, or are scarce in, severely burnt areas (Robinson et al., 
2013). The extent and proximity of refuges may influence the rate of population 
recovery at severely burned sites (Bradstock et al., 2005; Robinson et al., 2013).  
Environmental attributes, such as topographic variation in soils and moisture, also 
influence landscape heterogeneity and may mitigate the effects of fire by enabling 
survival of animals during or after a fire event (Bradstock et al., 2010; Garvey et al., 
2010; Leonard et al., 2014a). Understanding the effects of the fire regime and 
environmental attributes on mammal species at multiple scales can improve ecological 
knowledge of species responses, and is valuable for applied management.  
Here, we examine the effects of an extensive wildfire on the occurrence of native 
terrestrial mammals in foothill eucalypt forests of south-eastern Australia. These are 
some of the most fire-prone forests worldwide (Adams & Attiwill, 2011). We surveyed 
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the mammal assemblage 2-3 years after wildfire, at sites stratified in relation to two 
components of the fire regime, fire severity and fire history (interval since last fire). 
The overall aim was to test the relative influence on native mammals of components 
of the fire regime operating: 1) at the site-level (i.e. site specific wildfire severity and 
fire history); and 2) at the landscape-level (i.e. amount of unburnt forest and 
heterogeneity of fire severity within the surrounding landscape). We predicted that site 
level effects, particularly wildfire severity, would be the primary influence on the 
distribution of mammal species; but that landscape context would also influence the 
occurrence of species, in particular via unburnt forest functioning as a refuge and 
providing a source of colonising individuals for nearby burnt sites.  
4-3 Methods 
4-3-1 Study area 
The study was based in the foothills of the Central Highlands of Victoria, Australia 
(Figure 4.1), where elevation ranges from ~150 –1000 m. The climate is temperate 
with cool winters (mean monthly minimum 4° C) and mild summers (mean monthly 
maximum 23° C), and a mean annual rainfall of ~1200 mm (Bureau of Meteorology, 
2013). From 1997 to 2009, a severe drought occurred in south-eastern Australia (van 
Dijk et al., 2013). The drought broke in 2010, with above-average annual rainfall 
recorded in both 2010 and 2011 (Bureau of Meteorology, 2013). These rainfall events 
formed part of the wettest years on record in south-eastern Australia (Chowdhury et 
al., 2015), and were associated with an extreme La Niña that had impacts globally 
(Heffernan, 2013). 
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Figure 4.1. Location of study area within the Kilmore-Murrindindi fire complex in 
south-east Australia. Sites were stratified by fire severity and fire history, and situated 
in reserves and national parks. 
Vegetation of the foothills comprises eucalypt forest (~25-35 m canopy height) 
dominated by messmate stringybark (Eucalyptus obliqua), narrow and broad-leaf 
peppermint (E. dives and E. radiata) and blue gum (E. globulus) in moist gullies. The 
mid-storey contains species such as blackwood (Acacia melanoxylon), silver wattle 
(A. dealbata), prickly tea-tree (Leptospermum continentale) and prickly currant-bush 
(Coprosma quadrifida). The ground layer has sparse to dense cover of austral bracken 
(Pteridium esculentum), and a variety of grasses and herbs, particularly tall rush 
(Juncus procerus) and wattle mat rush (Lomandra filiformis). Moist gullies typically 
include an understorey of rough tree-fern (Cyathea australis), common understorey-
fern (Calochlaena dubia), and musk daisybush (Olearia argophylla) (DSE, 2005).  
On the 7th February 2009 (‘Black Saturday’), two intense wildfires joined to form the 
Kilmore-Murrindindi fire complex, which burned ~228 000 ha of forest through the 
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study area. Less than 1% of forest within the fire boundary remained as unburnt 
patches (Leonard et al., 2014a).  
4-3-2 Site selection  
A series of study sites were selected across the Kilmore East-Murrindindi fire 
complex, primarily in reserves or national parks. Sites were stratified in relation to two 
main attributes: the severity of the 2009 wildfire (i.e. unburnt, understorey burnt, 
severely burnt) (see Table 4.1 for descriptions); and fire history before the 2009 
wildfire (i.e. unburnt > 20 years prior to 2009, burnt within 3 years prior to 2009). 
Unburnt reference sites outside but near the fire boundary were also selected. Trees in 
these foothill eucalypt forests generally are not killed by high severity fire, but are able 
to regenerate via epicormic growth. The set of 80 sites represented eight combinations 
of fire severity and fire history, with 4-12 replicates of each (Figure 4.1). Sites were 
selected by using aerial photography and fire severity layers from the Department of 
Sustainably and Environment within a Geographic Information System (GIS); and 
then examined in the field to ground-truth fire severity and fire history. Each site 
comprised a 5 ha stand of forest of consistent fire severity, which included a gully and 
adjacent slope (~100 m apart). Sites were at least 100 m from forest patches with 
different severities, and from roads. Sites disturbed by logging in the last 50 years were 
excluded.  
4-3-3 Fauna surveys and species identification 
Surveys were conducted from January-August 2011 using remote sensor cameras 
(Scout Guard 550, ScoutGuard IR Cameras, Australia). Each study site was surveyed 
on a single occasion to gain a “snapshot” of mammal abundance at ~2-3 years post-
wildfire. In any given survey round (total = 9), sites were carefully chosen to include 
different combinations of fire severity and history. Six cameras were set at each site: 
three in a gully at 0 m, 100 m, and 200 m along a transect; and similarly, three along 
a parallel transect on the adjacent slope (~100 m from the gully transect). On each 
transect, two cameras targeted small native mammals and were set facing downwards 
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on steel posts from a height of 1.3 m (De Bondi et al., 2010). The third camera targeted 
larger native and introduced mammals, faced outwards, and was set on an aluminium 
post at 0.5 m height. Cameras were activated by motion sensors and used an infrared 
flash to take three photos within six seconds (30 second delay).  
Camera plots were baited with scented lures, placed inside a section of PVC pipe with 
steel mesh (‘cowl vent’), and pegged to the ground at a measured distance within the 
camera’s field of view. Lures for small native mammals contained peanut butter, 
honey, peanut oil, vanilla essence and truffle oil; and for larger mammals, tuna and 
truffle oils, and were soaked into absorbent cloth (Paull et al., 2011). Vegetation within 
the camera’s field of view was removed to reduce false triggers (all for downwards-
facing cameras, and within 2 m for outwards-facing cameras), and cameras were set 
for 14 consecutive nights.  
For all photos of animal ‘captures’, the site, location, time and date were recorded. We 
identified species with the aid of reference photos from the study area and a field guide 
(Menkhorst & Knight, 2010). Important characteristics for species identification 
included body size, head-body and tail length ratios (using the bait holder as a known 
size reference), the presence of fur on tail and feet. A selection of 50 photos, 
comprising the range of species encountered, was checked by scientists with extensive 
experience in identifying mammals. Inconsistencies primarily related to small 
mammal species (i.e. agile antechinus (Antechinus agilis) and house mouse (Mus 
musculus), and so we re-examined photos of all small mammal species to confirm 
identification. Any photos with persistent ambiguity were excluded from analysis. 
4-3-4 Statistical analyses 
4.3.4.1 Detection probability 
Detection probability was calculated for each species to help distinguish true absence 
at a site from a lack of detection (i.e. false absence). Data for both gully and slope 
transects were combined. We used a single season occupancy model at the site level 
to calculate detection probability; and assumed constant detection, constant occupancy 
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and independence of sites (MacKenzie et al., 2006). The minimum number of survey 
nights (N) required to detect a true absence was estimated by: 
ܰ ൌ ௅௢௚భబቀଵି
௔
ଵ଴଴ቁ
௅௢௚భబሺଵି௣ሻ  
where (a) is the level of confidence and (p) the detection probability (Kery, 2002) The 
detection probability was calculated with the ‘Unmarked’ package (Fiske et al., 2013) 
in the R statistical program 3.02 (R Development Core Team, 2014). We calculated 
the minimum number of nights required for 80%, 90% and 95% confidence intervals 
to indicate whether a lack of detection was likely to be a true absence.  
4.3.4.2 Response and predictor variables 
We used regression modelling to examine the relative influence of site and landscape-
level attributes on the occurrence of native terrestrial mammals. Eight species for 
which sufficient data were obtained were used as response variables. Data for the two 
transects at a site were combined. We defined the ‘recording rate’ as the proportion of 
total camera nights (max = 84; i.e. 6 cameras per site by 14 nights = 84 camera-nights) 
on which a species was recorded at a site. On average, there were 76 (91%) of a 
possible 84 camera/nights per site, across the 80 sites (lower values typically resulted 
from camera failure). Both outwards and downwards facing cameras were used for 
analysis of native mammal occurrence.  
We selected five variables representing fire regime and landscape context as predictors 
likely to influence the distribution and abundance of terrestrial mammals (Table 4.1). 
Fire severity (i.e. unburnt, understorey-only burnt, severely burnt, reference), and fire 
history (i.e. long, short) were categorical variables (Table 4.1). Three continuous 
variables were used to represent the landscape within a 1 km radius of each site: (1) 
the heterogeneity of fire severity classes; (2) the total area of unburnt forest; and (3) 
and the total length of waterways. Waterways represent the extent of topographic 
variation and gully systems in the surrounding landscape. These landscape variables 
were extracted in a GIS. Heterogeneity in fire severity was calculated with Shannon’s 
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diversity index based on four severity classes: unburnt, understorey burn, crown scorch 
(both understorey burnt and canopy scorched) and crown burn (understorey and 
canopy completely burnt). A fire severity GIS layer from the Department of 
Environment and Sustainability was used to determine the levels of fire severity, whilst 
unburnt patches of forest were mapped with aerial photography. 
We checked for collinearity between continuous predictor variables with Spearman’s 
rank correlation; all correlation coefficients were < 0.22. Continuous predictor 
variables were centred and scaled (subtracting the mean from each observation and 
dividing by the standard deviation) to allow direct comparison of variable coefficients. 
Linear relationships between continuous predictor variables and response variables 
were checked by using scatterplots, and by comparing models with and without 
transformed predictor variables (by using Akaike’s Information Criterion (AIC)). If 
there was support for improved linearity with a transformation, then the transformed 
variable was used (Table 4.1).  
4.3.4.3. Model selection 
We used generalized linear mixed models to test the relationship of response variables 
to predictor variables. This modelling approach facilitates the inclusion of random 
effects to account for non-independent error structures (Zuur et al., 2009). Here, sites 
were grouped based on their geographic location (i.e. into one of nine ‘reserves’), and 
the time of year in which the survey was conducted (three ‘seasons’). Consequently, 
two variables, ‘reserve’ and ‘season’, were included in models as random effects to 
account for potential spatial and temporal correlation (Table 4.1). Since the response 
variables represent proportions, a proportional binomial distribution using a log-link 
function was employed in all cases.  
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Table 4.1 Description of predictor variables used in models; GLMMS tested the 
relative influence of fire severity, fire history, and landscape-level variables on response 
variables of individual native mammal species. The first level for each categorical 
variable was treated as the reference level.  
Variable Site/Landscape 
level 
Variable 
Description 
Level Level Description 
Severity Site Fire severity of 
forest within 
boundary of 2009 
wildfire 
Unburnt Unburnt forest 
   Understorey Understorey and/or 
ground burnt 
   Severe Canopy scorched or 
canopy completely 
burnt 
   Reference Unburnt and located 
outside the wildfire 
boundary 
History Site Fire interval before 
2009  
Long Unburnt>20 years 
before wildfire 
   Short Burnt < 3 years before 
wildfire 
Landscape 
unburnt area† 
Landscape Unburnt forest in 
surrounding 
landscape  
Continuous Area of unburnt forest 
within a 1 km radius of 
site (ha) 
Heterogeneity^ Landscape Heterogeneity of fire 
severity in 
surrounding 
landscape  
Continuous Heterogeneity of fire 
severity classes within 
1 km radius of site, 
calculated by 
Shannon’s diversity 
index. 
Waterways# Landscape Waterways in 
surrounding 
landscape  
Continuous Total length of 
waterways within a 1 
km radius of site (m). 
Reserve NA Geographic location 
of sites based on land 
management  
NA Random effect 
Season NA Surveys undertaken 
in three seasons: 
summer, autumn, 
winter  
NA Random effect 
Log transformed for † the mountain brushtail possum, ^ the agile antechinus, bush rat, swamp 
wallaby and mountain brushtail possum, and # for the bush rat. 
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We used an information theoretic approach to compare a set of competing hypotheses 
(Table S4.1). Eight models were built for each species, with combinations of predictor 
variables and interactions (Table S4.1) selected based on ecological knowledge 
(Burnham & Anderson, 2002). Models within a set were ranked and compared by 
using AIC corrected for small sample size (AICc). Differences in AICc (ΔAICc) were 
calculated, as were Akaike weights (wi). Models with ΔAICc < 2 were considered to 
have substantial support. If there was no single best model (i.e. all AICc weights < 
0.90), model averaging was performed on all models for which ΔAICc < 6 because 
these models have some support (Burnham et al., 2011). Model-averaged coefficients 
and standard errors were estimated for each parameter, and coefficients were defined 
as important if the 95% confidence interval did not cross zero (i.e. if z < -1.96 or z > 
1.96) (Burnham & Anderson, 2002). We also considered parameters to have some 
influence (‘trend’) at the 90% confidence interval (i.e. if z < -1.645 or z > 1.645) to 
avoid an underestimate of fire effects, which can be difficult to detect for faunal 
species conducted over smaller time scales or samples (Smith et al., 2013). The global 
model was assessed for overdispersion for all response variables and, where present, 
an additional observation-level random term was added to all eight models in the set 
to account for additional variance (Zuur et al., 2012). Residuals from global models 
were also inspected to ensure adequate fit. A measure of the variance explained by 
models was determined by calculating the marginal R2 (i.e. from fixed predictor 
variables) and the conditional R2 (i.e. from fixed and random effects) (Nakagawa & 
Schielzeth, 2013). After model averaging, predictions were generated from models 
(GLMM) that only included variables that were identified as influential. 
Statistical analyses were conducted in the R statistical package 3.1.1 (R Development 
Core Team, 2014). GLMMs were run using the ‘lme4’ package (Bates et al., 2014) 
while model averaging was performed using the ‘MuMIn’ package (Bartoń, 2014). 
Model predictions were generated with the ‘AICcmodavg’ (Mazerolle, 2014) and 
‘boot’ (Canty & Ripley, 2014) packages. R2 values were calculated with the 
‘rsquared.glmm’ function (Lefcheck & Casallas, 2014).  
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4-4  Results 
4-4-1 Species recorded and detection probability 
From January-August 2011 we surveyed a total of 6084 camera trap-nights. From this 
effort, 13 species of native mammals were detected, eight of these were examined 
further (Table 4.2; Figure 4.2). Five species (mostly arboreal) were detected at fewer 
than seven sites (< 9%) and were excluded from analyses. These included the common 
brushtail possum (Trichosurus vulpecula) recorded at 6 sites (8%), the koala 
(Phascolarctos cinereus) detected at 2 sites (3%), whilst the remaining three species 
were rare and were only at one site each (1%) (i.e. common ringtail possum 
(Pseudocheirus peregrinus), brush-tailed phascogale (Phascogale tapoatafa), and 
dusky antechinus (Antechinus swainsonii). Of the remaining eight species, six had high 
detection probabilities, with 14 survey nights being sufficient to have > 80% 
confidence that lack of detection was a true absence at a site (Table 4.2). Two smaller 
sized mammal species were widespread in the post-fire environment, agile antechinus 
was recorded at 41 sites (51%) and bush rat (Rattus fuscipes) at 57 sites (71%). The 
other two small mammal species were less common; the long-nosed bandicoot 
(Perameles nasuta) was detected at 9 sites (11%), and echidna (Tachyglossus 
aculeatus) at 20 sites (25%). The semi-arboreal mountain brushtail possum 
(Trichosurus cunninghami) was detected at 31 sites (39%). Two of the medium-large 
sized mammal species were the most common out of all the mammal species including 
the common wombat (Vombatus ursinus) at 59 sites (74%) and swamp wallaby 
(Wallabia bicolor) at 72 sites (90%). The largest species, the eastern grey kangaroo 
(Macropus giganteus) occurred at one third of all sites (28 sites; 35%). Despite lower 
detection probabilities (Table 4.2), the long-nosed bandicoot and short-beaked echidna 
were also included in analyses.  
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Table 4.2 Species recorded during camera surveys, the number of sites at which they were detected, and the number of survey nights required for 80%, 
90% and 95% confidence intervals. The number of nights was rounded up to the nearest integer.  
Scientific name  Number of 
sites present 
Detection 
probability (P) 
SE (P) Number of nights for 
80%CI (1.96SE) 
Number of nights for 
90%CI (1.96SE) 
Number of nights for 
95%CI (1.96SE) 
Antechinus agilis 41 0.21 0.02 3 (2.62-3.27) 5 (3.74-4.68) 6 (4.87-6.09) 
Rattus fuscipes 57 0.42 0.02 3 (2.91-3.26) 5 (3.75-4.67) 6 (4.88-6.07) 
Vombatus ursinus 59 0.08 0.01 10 (7.94-10.63) 14 (11.35-15.22) 17 (14.78-19.80) 
Wallabia bicolor 72 0.35 0.02 4 (3.36-4.15) 6 (4.80-5.94) 7 (6.25-7.73) 
Macropus giganteus 28 0.13 0.02 12 (8.61-16.38) 17 (12.32-23.43) 22 (16.03-30.49) 
Trichosurus cunninghami 31 0.18 0.02 9 (6.61-10.85) 12 (9.45-15.53) 16 (12.30-20.20) 
Perameles nasuta* 9 0.10 0.03 16 (9.36-46.44) 23 (13.39-66.43) 30 (17.43-86.44) 
Tachyglossus aculeatus* 20 0.05 0.02 33 (19.10-106.69) 47 (27.32-152.64) 62 (35.54-198.59) 
 
*Species with insufficient detection probability for 80% confidence intervals.
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Figure 4.2 Examples of native species detected from camera surveys including a) 
dusky antechinus, b) agile antechinus, c) bush rat, d) long-nosed bandicoot, e) short-
beaked echidna, f) brush-tailed phascogale, g) eastern grey kangaroo, h) common 
wombat, i) swamp wallaby, j ) mountain brushtail possum, k) common brushtail 
possum, and i) koala. 
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4-4-2 Relative influence of site and landscape-level variables 
Seven of the eight species analysed were recorded in all site-level fire severity classes; 
except for the long-nosed bandicoot which was not detected in reference sites.  
The agile antechinus and bush rat, two of the most common small mammal species, 
were the only species to be influenced by fire severity and fire history at the site-level, 
and by landscape-level variables (Table 4.3). For the agile antechinus, the only model 
to have substantial support (ΔAICc < 2) included all five variables at both the site-
level and landscape-level (Table 4.3). The Akaike weight for this model was < 0.9, 
and therefore we conducted model averaging. Three variables were influential (95% 
confidence intervals of estimates did not overlap zero): fire severity (site-level), fire 
history (site-level) and the area of surrounding unburnt forest in the landscape 
(landscape-level) (Fig. 4.3). The recording rate of the agile antechinus was lower at 
sites exposed to an understorey burn compared with unburned sites (Figure 4.4). 
Recording rates were higher at sites with a short fire history (< 3 years) than a long 
fire history (> 20 years; Figure 4.4), and lower at sites surrounded by more unburnt 
forest (Fig. 4.3). Additionally, there was a trend (coefficients did not cross zero at the 
90% confidence interval) for a lower recording rate at severely burnt compared with 
unburnt sites (Fig. 4.3).  
For the bush rat, four models had substantial support in explaining the recording rate 
(Table 4.3). Model averaging revealed the recording rate of the bush rat to be 
influenced by three variables: fire severity (site-level), fire history (site-level), and 
length of waterways in the surrounding landscape (landscape-level) (Fig. 4.3). The 
recording rate was higher at sites that were severely burnt in the wildfire than at 
unburnt sites, lower at sites with a short fire history than a long fire history (Figure 
4.4), and there was a negative relationship with the length of waterways in the 
surrounding landscape (Fig. 4.3).  
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Table 4.3 Models with substantial support (ΔAIC< 2) out of the model set for each response variable (individual mammal species). Model structures are 
shown with corresponding df, Log likelihood, AICc, the difference in AICc from the best model (ΔAIC) and the Akaike weight. Model fit is represented by 
R2m- the variance from fixed predictors, and R2c - the variance explained by both fixed and random predictors.  
Response variable Model structure df Log 
likelihood 
AICc ΔAICc Akaike 
weight 
R2m 
 
R2c 
 
Antechinus agilis Severity + History + Landscape unburnt area + Heterogeneity + Water 11 -128.66 283.2 0.00 0.60 0.15 0.44 
Rattus fuscipes Severity + Landscape unburnt area + Heterogeneity + Water 10 -219.63 462.4 0.00 0.35 0.12 0.29 
 Severity + History 8 -222.48 463.0 0.55 0.27 0.09 0.19 
 Severity 7 -224.04 463.6 1.20 0.19 0.08 0.21 
 Severity + History + Landscape unburnt area + Heterogeneity + Water 11 -219.09 464.1 1.63 0.16 0.12 0.26 
Vombatus ursinus Null model 4 -164.66 337.9 0.00 0.71 0.00 0.17 
Wallabia bicolor Severity 7 -218.85 453.3 0.00 0.36 0.03 0.03 
 Null model 4 -222.41 453.4 0.10 0.35 0.00 0.04 
 Severity + History 8 -218.20 454.4 1.17 0.20 0.03 0.03 
Macropus giganteus Null model 4 -94.36 197.3 0.00 0.75 0.00 0.11 
Trichosurus cunninghami Null model 4 -115.25 239.0 0.00 0.55 0.00 0.003 
 Severity * History 11 -107.33 240.5 1.51 0.26 0.55 0.57 
Perameles nasuta* Severity + History 7 -31.68 78.9 0.00 0.94 0.89 0.91 
Tachyglossus aculeatus* Null model 3 -53.90 114.1 0.00 0.90 00.00 0.29 
Chapter 4: Effects of the fire regime on native mammal occurrence 
81 
 
Fig. 4.3 Model-averaged estimates and associated confidence intervals of 
predictor variables for five mammal species. The reference category includes sites with 
an unburnt fire severity and long fire history (> 20 years). Parameters are considered 
to be important if confidence intervals do not cross zero at the 95% confidence interval 
(black diamonds), and to have some influence (‘trend’) at the 90% confidence intervals 
(grey diamonds).  
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Figure 4.4 The predicted values and 95% confidence intervals generated from fire-
regime variables considered to be an important influence for mammal species, and 
90% CI for one species, the common wombat. Bars represent the probability of 
recording a species at a site for a) fire severity for the agile antechinus, bush rat and 
common wombat, b) fire history for agile antechinus and bush rat, and c) the 
interaction between fire severity and fire history for the swamp wallaby.  
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In contrast to the smaller mammal species, the three medium-large sized species were 
less influenced by fire severity and history at the site-level, and none were influenced 
by any landscape-level variable. For the common wombat and eastern grey kangaroo, 
the null model had the most support for explaining the recording rate of both these 
species, indicating that neither site nor landscape-level variables influenced these 
species (Table 4.3). Model averaging confirmed this result, with no evidence of a 
strong influence of any variable on the recording rate of common wombat or kangaroo 
(Fig. 4.3). However, for the common wombat there was a trend (coefficients did not 
cross zero at the 90% confidence interval) for an influence of fire severity at the site-
level, with lower recording rate at severely burnt compared with unburnt sites (Fig. 
4.3 and Figure 4.4). Unlike the previous two species, the swamp wallaby was 
influenced by site-level fire regime components. There was initial support from three 
models (ΔAICc < 2) (Table 4.3). After model averaging, the recording rate of the 
swamp wallaby was influenced by the fire severity and history interaction (Fig. 4.3). 
There was a higher recording rate at sites that were severely burnt with a long fire 
history (not burnt for > 20 years before wildfire), than at unburnt sites with a long fire 
history (Figure 4.4).  
For the only semi-arboreal species, the mountain brushtail possum, two models had 
support: the null model and the model of an interaction between fire severity and 
history (Table 4.3). Results of model averaging showed no influence of any variable 
at the 95% CI (i.e. 95% confidence intervals overlap zero). However, there was a trend 
(important at the 90% confidence interval) for an influence of fire severity and the 
interaction between severity and history; indicating a lower recording rate at severely 
burnt sites with a long fire history (> 20 years) compared with unburnt sites with a 
long fire history.  
For the final two species, the long-nosed bandicoot and echidna, there were mixed 
responses. The recording rate for the long-nosed bandicoot was accounted for by a 
single ‘best’ model (i.e. AIC weight > 0.9) which included fire severity plus fire history 
at sites (Table 4.3). The recording rate was higher in severely burnt compared with 
unburnt sites (estimate = 2.30, SE = 1.13, Z = 2.03), and greater in sites with a short 
fire history (< 3 years) than a long fire history (estimate = 2.72, SE = 1.09, Z = 2.51). 
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The recording rate of echidna did not respond to any of the fire regime and landscape-
level components examined, as the single best model with support (Akaike weight > 
0.9) was the null model (Table 4.3).  
4-5 DISCUSSION 
Understanding how fire regimes influence fauna at different scales can improve 
ecological knowledge for fire management (Driscoll et al., 2010; Di Stefano et al., 
2011). In the aftermath of a severe wildfire, we had a unique opportunity to investigate 
how native terrestrial mammals were influenced by fire-regime components at 
multiple scales, in one of the most fire-prone forests in the world. At 2-3 years post-
fire, fire effects at the site-level exerted more influence on the occurrence of terrestrial 
mammal species than did fire effects at the landscape-level. Fire severity, an important 
component of the fire regime, was more influential than any other variable examined. 
Different species responded to the post-wildfire environment in different ways. 
Surprisingly, there was little evidence of wildfire having an effect at the landscape-
level, suggesting either survival in situ, or rapid recolonisation of the burnt forest 
environment from unburnt refuges (see below).  
4-5-1 Fire regime effects at the site-level  
Different species responded differently to fire severity, consistent with other studies 
(e.g. Smucker et al., 2005; Roberts et al., 2008; Fontaine & Kennedy, 2012; Buchalski 
et al., 2013; Doumas & Koprowski, 2013a; Robinson et al., 2014). The response of 
species to fire severity can be related to the way in which fire affects the availability 
of resources, such as vegetation, food and shelter (Sutherland & Dickman, 1999; 
Catling et al., 2001). Positive relationships of species to fire severity, as shown for the 
bush rat and long-nosed bandicoot, are likely a consequence of the rapid and dense 
regeneration of vegetation that occurred shortly after the wildfire, associated with 
above-average rainfall in both 2010 and 2011. In particular, there was mass 
regeneration of eucalypts and shrubs (e.g. Hop goodenia (Goodenia ovata)), resulting 
in dense cover below 1.5 m height, which provided shelter for many mammal species. 
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The bush rat is often associated with dense understorey (Holland & Bennett, 2007); 
whilst the long-nosed bandicoot is linked with dense understorey for nesting and open 
areas for foraging (Chambers & Dickman, 2002), both of which were available in the 
post-fire environment. Other studies have also shown fauna to respond to regeneration 
of vegetation after fire: for example, the long-nosed bandicoot and southern brown 
bandicoot (Isoodon obesulus) were both associated with regrowth of shrub cover after 
wildfire in heathland (Arthur et al., 2012). The rapid regeneration of ground and shrub 
vegetation at burnt sites appears to diminish any adverse effects of high fire severity 
within just a few years post-fire, at least for some terrestrial species. 
Animal species may also be negatively influenced by the effects of fire severity on the 
post-fire environment. There was a lower recording rate for the agile antechinus in 
understorey burnt compared with unburnt sites, and also a trend for a lower recording 
rate at severely burnt sites. These negative effects of fire likely reflect the reduced 
availability of habitat components at ground-level for this species, including food 
resources such as ground-invertebrates and a reduction in habitat structural 
components such as logs (Bassett et al., 2015). The agile antechinus was similarly 
negatively affected by wildfire in nearby wet montane forest (Banks et al., 2011b). 
Different subsets of animal species rely on different strata of the forest vegetation, and 
hence respond differently to fire severity. Arboreal mammals were more negatively 
affected by high fire severity, with their abundance in severely burned forest related 
to the extent of nearby unburnt or lightly burnt forest (Chapter 3). For these species, 
unburnt areas appear to serve as refuges that assist recolonization into the forest as it 
recovers after wildfire. Although other studies have found unburnt refuges to assist in 
recolonization (Lunney et al., 2008; Recher et al., 2009), there was little evidence that 
this is the case for terrestrial mammals in this study, at least at this stage in the post-
fire succession, as species occurred at sites in all categories of fire severity and their 
occurrence at burnt sites did not depend on the amount of nearby unburnt forest. The 
rapid regeneration of vegetation in ground and shrub layers provides shelter and cover 
for terrestrial mammals, allowing them to occupy sites that were blackened and bare 
of living vegetation immediately after the wildfire. 
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Fire history at a site did not appear to have a consistent influence on native mammal 
species, with different mammal species responding differently to fire history. Frequent 
fire can inhibit the re-growth of appropriate habitat for some species (Hobbs, 2002) 
and multiple, low intensity burns can reduce structural complexity (Gill & Catling, 
2002). In this study, however, the effects of fire severity in the 2009 wildfire combined 
with rapid regeneration of vegetation after above-average, drought-breaking rainfall, 
apparently overrode the effect of previous fire history on vegetation structure for most 
species. Fire history is likely to have greatest influence on species that depend on 
structural features that can be markedly depleted by fire, such dead trees, logs and tree 
hollows (Haslem et al., 2011).  
4-5-2 Fire regime effects at the landscape-level 
Contrary to our predictions, the landscape context of a site did not have a strong effect 
on the recording rate of mammal species. Only two out of eight mammal species, the 
agile antechinus and bush rat, were influenced by a landscape context variable. 
Surprisingly, unburnt forest in the surrounding landscape did not appear to have large 
influence on the occurrence of any mammal species. We anticipated that unburnt 
patches of vegetation might act as refuges for fauna in the post-fire environment, and 
that their spatial configuration and degree of isolation might influence species recovery 
after fire (Robinson et al., 2013). However, our results show, at least for those species 
for which there were sufficient data for analysis, that at 2-3 years post fire in this study 
most terrestrial mammals do not rely on unburnt forest patches as refuges.  
The limited influence of fire heterogeneity at the landscape-level is likely for two 
reasons. First, the widespread occurrence of most species across all fire severity 
classes at 2-3 years post fire may be a consequence of survival of sufficient individuals 
in situ, even though some sites were severely burnt and isolated from unburnt sites. In 
situ survival of small mammal species was proposed for wet montane forests after this 
same wildfire (Banks et al., 2011), facilitated by retreating to micro-refuges during or 
after the fire, such as wombat burrows, large unburnt moist logs, adjacent moist 
gullies, or floodplains (Bradstock et al., 2005;  Lunney et al., 2008; Garvey et al., 
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2010; Banks et al., 2011b). Second, the limited effects of fire-induced landscape 
heterogeneity may be associated with rapid regeneration of vegetation in the first three 
years post-fire, allowing rapid re-occupation of burnt areas. Individuals may have 
survived in unburnt sites during or immediately after the wildfire, and then emigrated 
to nearby burnt sites as vegetation cover rapidly re-established (Fox 1982). For 
example, species that have high mobility and generalist habitat requirements are able 
to access multiple habitat patches affected by different fire severities (Whelan et al., 
2002; Pastro et al., 2011). For such species, rapid regeneration of ground cover 
provides suitable habitat, and also facilitates dispersal and recolonization across the 
landscape after fire. 
4-5-3 Implications for management and conservation  
Our results highlight three main points relevant to management and conservation. 
First, fire severity is a particularly important component of the fire regime, with 
different effects on different species. A single fire regime is not appropriate for all 
species. The spatial variation in fire severity associated with a major wildfire (from 
unburned to severely burned stands) is an important contributor to the post-fire status 
of species, and warrants inclusion in studies that attempt to understand fire effects on 
terrestrial mammals in other fire-prone systems. Second, post-fire environmental 
conditions must be considered. In this case, above-average, drought-breaking rains 
following the wildfire and the subsequent rapid regeneration of vegetation highlighted 
the importance of the interaction between fire regime and environmental conditions. 
If the drought had continued, it is likely a more severe post-fire outcome would have 
eventuated including delayed recoveries (Lunney et al., 1987, Recher et al., 2009). In 
harsh climatic conditions after wildfire, such as drought, it is likely that refuges of high 
quality habitat (e.g. unburnt patches, moist gullies) will be valuable for fire-sensitive 
fauna and a conservative approach that protects such areas in the landscape will be 
beneficial. Third, there is value in examining the effects of fire regimes across multiple 
scales, including both the site scale and the wider landscape. Although landscape-scale 
effects were limited for terrestrial mammals in this study, landscape context was 
important for the occurrence of arboreal mammals (Chapter 3) at a subset of these 
Chapter 4: Effects of the fire regime on native mammal occurrence 
88 
same sites. Finally, this study was a ‘snapshot’ of the occurrence of species at 2-3 years 
post-fire, and could be complemented with longitudinal studies that track changes in 
the biota from immediately after fire, through the post-fire succession.  
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4-7 Supplementary material 
Table S4.1 Model set selected for each response variable (i.e. individual mammal 
species). Models in the set contained different combinations of predictor variables fitted 
to each response variable with GLMM. All models included ‘reserve’ and ‘season’ as 
random effects. An additional random effect “Site” (observation level effect) was 
included for response variables when models were overdispersed.  
Model set 
Null model 
Severity 
Severity + History 
Severity * History 
Severity + Landscape unburnt area + Heterogeneity + Waterways 
Severity + History + Landscape unburnt area + Heterogeneity + Waterways 
(Severity * History) + Landscape unburnt area + Heterogeneity + Waterways 
Landscape unburnt area + Heterogeneity + Waterways 
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CHAPTER 5 The influence of wildfire and landscape 
heterogeneity on introduced mammals in a 
fire-prone forest ecosystem 
 
 
The red fox (Vulpes vulpes) and feral cat (Felis catus) detected by camera traps in 
the study area. 
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5-1 Abstract 
Globally, introduced species can profoundly affect species’ populations, communities 
and ecosystem function. Disturbance processes, such as wildfire, may create 
opportunities for invasive species to establish or extend their distribution and interact 
with native plants and animals. However, the way in which introduced species respond 
to changes in the post-fire environment, and as influenced by fire regime components 
(e.g. fire severity, fire frequency) and landscape context, are poorly known. We 
examined the distribution of introduced mammals in fire-prone eucalypt forests of 
south-eastern Australia, 2-3 years after a major wildfire. We tested the relative 
influence of fire severity and fire history, landscape context (i.e. the surrounding 
landscape pattern) and topography on the occurrence of introduced mammals at forest 
sites. We undertook systematic camera trap surveys at 80 forest sites, each comprising 
a paired gully and adjacent slope. Six introduced species were detected, and those with 
the highest activities were black rat (Rattus rattus), house mouse (Mus musculus), red 
fox (Vulpes vulpes) and feral cat (Felis catus). Each of these were widespread across 
all levels of fire severity in the region. Black rats were the only species whose 
distribution was influenced by the fire regime, landscape context or topography in the 
early post-fire succession period. We found few associations between the spatial 
occurrence of introduced and native species: the introduced feral cat was negatively 
correlated with the native agile antechinus, and the house mouse was negatively 
associated with the reporting rate of the native bush rat. Understanding the impact of 
introduced species on ecosystems after fire requires more detailed insights than those 
available from a ‘snapshot’ survey. This study shows that introduced species are not 
strongly influenced by fire regime components or landscape context, at 2-3- years after 
wildfire in these fire-prone forests 
. 
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5-2 Introduction 
Invasive species have spread and established into most environments globally, with 
significant economic, ecological and social consequences (Vitousek et al., 1997a; 
Mack et al., 2000). Invasive species include ‘introduced species’, those that are 
introduced by humans into an area that is external to their native range (Strauss et al., 
2006). Introduced species can modify ecosystem structure and function in a variety of 
ways (Vitousek et al., 1997a; Ehrenfeld, 2010; Doherty et al., 2015). For example, 
introduced species may act as ecosystem engineers and alter the physical structure of 
ecosystems (e.g. Bohlen et al., 2004; Sousa et al., 2009), they may change predator 
and prey relationships (Salo et al., 2007; Letnic et al., 2008), and alter entire food webs 
by causing trophic shifts (e.g. Levin et al., 2006).  
Introduced species are considered to be one of the most significant threats to 
communities of native animals globally (Vitousek et al., 1997b; Molnar et al., 2008), 
because their interactions with native species can result in reduced population sizes, 
homogenization of the composition of communities (Clavero et al., 2009), and even 
local extinction of species (Clavero & García-Berthou, 2005; Szabo et al., 2012; 
Woinarski et al., 2015). Such negative consequences are attributed to many facets of 
introduced species: for example, they may bring in novel pathogens that cause 
mortality (Gozlan et al., 2005), they can degrade habitat and cause declines in isolated 
populations (Koprowski et al., 2005), and they may compete with native species and 
reduce populations (e.g. black rat (Rattus rattus); Stokes et al., (2009b)). In Australia, 
predation by introduced vertebrates (e.g. red fox (Vulpes vulpes) and feral cat (Felis 
catus) have been associated with the marked decline and extinction of numerous 
species of native mammals (Johnson et al., 2007; McKenzie et al., 2007; Woinarski et 
al., 2015). 
Introduced species often are associated with disturbances to ecosystems (Mack et al., 
2000). Fire is one such disturbance process, which influences vegetation structure in 
many ecosystems across the world (Bond & Keeley, 2005; Bowman et al., 2009). Fire-
induced changes to ecosystems create opportunities for introduced species to colonise; 
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or, if already present, to increase in population size and expand their distribution 
(Fleming et al., 2009; Doherty et al., 2015). They may then exert new and severe 
impacts on native species in the altered environment (Sutherland & Dickman, 1999). 
For example, reduced vegetation cover in the post-fire environment can increase the 
exposure of small native mammals to introduced predators (Sutherland & Dickman, 
1999); as has been described in south-western Australia where the red fox reduced 
populations of the brush tailed bettong (Bettongia penicillata) (Christensen, 1995). 
Similarly, predation by the red fox and feral cat reduced native rodent populations after 
wildfire in arid Australia (Letnic & Dickman, 2005).  
Different components of a fire regime (Gill, 1975), such as fire intensity and fire 
history, can influence the distribution and abundance of animal species. The fire 
regime creates variation in habitat suitability in a landscape at multiple spatial scales. 
It influences the suitability and quality of habitat at an individual site, and also 
influences the landscape context of a site (e.g. the surrounding fire heterogeneity) 
(Bradstock et al., 2005). In addition to the fire regime, the landscape context of a site 
is also determined by environmental attributes, such as topographic variation, and 
other disturbance processes such as land clearing. Both the attributes at a site and its 
landscape context can be expected to influence the distribution of introduced species, 
as well as native species. The red fox, for example, is thought to favour forest edges 
and heterogeneous landscapes (Graham et al., 2012).  
Interactions with introduced species of mammals and variation in fire regimes, 
respectively, are both known to independently affect the distribution and abundance 
of native mammals (e.g. Fontaine & Kennedy, 2012; Kelly et al., 2012; Kovacs et al., 
2012; Paull et al., 2012; Anson & Dickman, 2013; Smith & Banks, 2014; VanTassel 
et al., 2015). They may also act synergistically to bring about change in the native 
fauna (Brook et al., 2008). A first step in understanding the potential for synergistic 
impacts on native fauna from wildfire and introduced species is to identify the way in 
which introduced species respond to wildfire – the focus of this study. 
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Here, I examine the distribution of introduced species of mammals in relation to 
variation in fire components and landscape attributes after a major wildfire. Systematic 
surveys of mammals were undertaken, using a stratified landscape design, ~2-3 years 
post-fire, thus providing an opportunity for a ‘snapshot’ view of the status of 
introduced species in the early phase of post-fire recovery. The study was undertaken 
in the temperate, foothill eucalypt forests of south-eastern Australia, one of the most 
fire-prone regions in the world (Adams & Attiwill, 2011). This study has three main 
components, based on the following questions: 
1. What is the relative influence of wildfire severity, fire history and landscape 
context on the distribution and occurrence of introduced terrestrial mammal 
species?  
2. Does topographic location (gully/slope) influence the occurrence of introduced 
species in the post-fire environment?  
3. Are there associations in occurrence (positive or negative) between introduced and 
native mammal species after wildfire, based on potential interactions (e.g. 
predation and competition)?  
5-3 Methods 
The study area, site selection, fauna survey procedures, species identification, and 
methods for determining detection probability are described in Chapter 4. Site 
selection and statistical methods specific to this study are outlined below. 
5-3-1 What is the relative influence of wildfire severity, fire history and 
landscape context? 
I used generalised linear mixed models to examine the relative effects of fire severity, 
fire history, and landscape context on the occurrence of introduced mammal species. 
Four species were examined: house mouse (Mus musculus), black rat, red fox, and 
feral cat. The response variable was the presence or absence of each species at a site 
(i.e. from the combined records for both gully and slope transects at a site). 
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Detection/non detection was used, rather than the proportion of camera nights on 
which a species was detected, because of lower recording rates and fewer number of 
sites at which species were recorded (typically 10-20 sites). 
I chose six predictor variables, representing aspects of the fire regime and landscape 
context, expected to influence the distribution and abundance of these mammals. Fire 
severity of the wildfire (i.e. unburnt, understorey burnt, severely burnt), and fire 
history before the wildfire (i.e. long > 20 years, short < 3 years before 2009 fires) were 
categorical variables (Table 5.1). Unburnt sites included those within the fire boundary 
as well as unburnt reference sites located close to the fire boundary. Four continuous 
variables were chosen to represent the landscape within a 1 km radius surrounding 
each site: area (ha) of unburnt forest, area (ha) of cleared land, heterogeneity of fire 
severity classes, and the length (km) of waterways. These landscape variables were 
extracted from spatial data layers in a GIS (ArcMap v 10) as described in 4.3.4.2 
Response and predictor variables. The amount of cleared land was calculated from 
aerial photography in GIS. Continuous predictor variables were not strongly correlated 
(Spearman’s rank coefficient for all < 0.30). Variables were made comparable by 
scaling (subtracting the mean and dividing by the standard deviation for each 
observation). If there was adequate support for improved linearity by transformation 
(log10), then the transformed variable was used in the model.  
A binomial distribution and a log-link function were applied for the GLMM models. I 
used an information theoretic approach to compare a set of alternative hypotheses for 
each species. Six models were built for each species, with the selected combinations 
of predictor variables based on ecological knowledge (Burnham & Anderson, 2002) 
(Table 5.2). There was limited evidence for interaction effects between fire severity 
and history, and so these were excluded from the model set.  
  
Chapter 5: The influence of wildfire and landscape heterogeneity on introduced mammals 
95 
Table 5.1 Description of predictor variables and levels used in alternative models 
for investigating a) the relative influence of the fire regime and landscape context, and 
b) topography. The first level for each categorical variable was treated as the reference 
level.  
Variable Variable Description Level Level Description 
Severity Fire severity of forest 
of 2009 wildfire 
Unburnt Unburnt forest inside and within 3 
km from the fire boundary 
  Understorey Understorey and/or ground burnt 
  Severe Canopy scorched or completely burnt 
History Fire history before 
2009  
Long Unburnt ≥20 years before wildfire 
  Short Burnt < 3 years before wildfire 
Landscape 
unburnt area 
Unburnt forest in 
surrounding landscape  
Continuous Area of unburnt forest within a 1 km 
radius of site (m2) 
Heterogeneity Fire heterogeneity of 
forest in surrounding 
landscape  
Continuous Heterogeneity of fire severity classes 
within a 1 km radius of site, 
calculated by Shannon’s diversity 
index. 
Water Waterways in 
surrounding landscape  
Continuous Total length of waterways within a 1 
km radius of site (m). 
Land Cleared land in the 
surrounding landscape 
Continuous Area of cleared land within a 1 km 
radius of a site (m2). 
Reserve Random effect NA Geographic location of sites based on 
land management 
Season Random effect NA Surveys undertaken in three seasons: 
summer, autumn, winter 
Site Random effect NA Added into models with topography 
to minimise spatial correlation 
Topography Topographic position  Gully 
Slope 
Gully location  
Slope location 
 
All models included a random effect term to account for 1) potential spatial 
autocorrelation of sites across the landscape (‘reserve’) and, 2) the time of year of the 
survey (‘season’), respectively (Table 5.1). Spatial correlation was further checked by 
visual assessment using bubble plots of model residuals. If models had unexpected 
variance of model residuals (Pearson’s residuals; overdispersion > 1.5 but less than 2), 
then an additional observational-level random effect was built in to account for 
additional variance (Zuur et al., 2009).  
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Table 5.2 Model set containing a combination of model structures of predictor 
variables fitted to each response variable (i.e. black rat (Rattus rattus), house mouse 
(Mus musculus), red fox (Vulpes vulpes), and feral cat (Felis catus) testing the relative 
influence of fire regime and landscape context with GLMM. All models included 
‘reserve’ and ‘season’ as random effects. An additional random effect “Site” 
(observation level effect) was included for response variables when models were 
overdispersed.  
Model set 
Introduced species ~ Null model 
Introduced species ~ Severity 
Introduced species ~ Severity + History 
Introduced species ~ Severity + Landscape context (i.e. Unburnt area + Heterogeneity + Water + 
Land) 
Introduced species ~ Severity + History + Landscape context (Unburnt area + Heterogeneity + 
Water + Land) 
Introduced species ~ Landscape context (Unburnt area + Heterogeneity + Water + Land) 
 
I ranked models within a set and compared them with Akaike’s Information Criterion 
(AIC) corrected for small sample size (AICc). Akaike weights (wi) were also 
calculated for each alternative model. Models with ΔAICc < 2 were considered to have 
substantial support. If there was no single best model (i.e. lowest AICc, wi > 0.90), 
model averaging was performed on all models for which the ΔAICc < 6. Model-
averaged coefficients and standard errors were estimated for each parameter; and 
predictor variables were considered influential if the 95% confidence intervals of the 
model-averaged coefficient did not cross zero (i.e. if z < -1.96 or z > 1.96) (Burnham 
& Anderson 2002). Model predictions for a species were generated for influential 
variables; and represent the probability of occurrence of a species at a random site.  
I checked assumptions of global models by assessment of residuals from the global 
model, and for each predictor variable. A measure of the variance explained was 
determined by calculating the marginal R2 (i.e. that associated with the predictor 
variables) and the conditional R2 (that associated with both the predictor variables and 
random effects) (Nakagawa & Schielzeth, 2013).  
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5-3-2 Does topographic location influence the occurrence of introduced 
species in the post-fire environment?  
To test the influence of topography on the local occurrence of introduced mammal 
species, I used a GLMM for each species with the detection/non detection of the 
species at each gully and slope transect as the response variable, and topography as the 
predictor variable (Table 5.1). To account for spatial correlation of gully and slope 
transects, a random effect of ‘Site’ was included, in addition to the random effects of 
‘reserve’ and ‘season’ (see above). Model assumptions were checked as described 
above. 
5-3-3 Are there associations in occurrence between introduced and native 
mammal species after wildfire? 
I tested whether the occurrence of four introduced species (house mouse, black rat, red 
fox, and feral cat) was related to the recording rate of several native mammal species 
(agile antechinus (A. agilis), bush rat (R. fuscipes)) at sites. I used a GLMM with the 
detection/non-detection of each introduced species at a site (gullies and slopes 
combined) as a predictor variable. The response variable was the ‘recording rate’, the 
proportion of total camera nights (up to 84) for which a native species was recorded at 
a site, to account for minor variation between sites. A binomial distribution and a log-
link function were used for each response variable. Two random variables, ‘reserve’ 
and ‘season’ were included to account for potential spatial and temporal correlation. 
An observation- level random effect was added if the global model for each response 
variable was overdispersed (unexpected variance of model residuals) to account for 
additional variance (Zuur et al., 2012). Predictor variables were considered important 
if the 95% confidence intervals did not cross zero (i.e. if z < -1.96 or z > 1.96). The 
model of the relationship between detection/non detection of the red fox and the native 
agile antechinus was not reliable (overdispersion could not be accounted for), and 
hence was excluded from analysis. 
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All statistical analyses were conducted in the R statistical package 3.1.1 (R 
Development Core Team, 2014). GLMMs and model averaging were run using the 
‘lme4’ and ‘MuMIn’ packages respectively (Bartoń, 2014; Bates et al., 2014). Model 
predictions were generated with the ‘AICcmodavg’ and ‘boot’ packages (Canty & 
Ripley, 2014; Mazerolle, 2014). R2 values were calculated with the ‘rsquared.glmm’ 
function (Lefcheck & Casallas, 2014).  
5-4 Results 
5-4-1 Species recorded and detection probability 
From a total of for a total of 6084 trap nights, across 80 sites, six introduced mammal 
species were detected: house mouse, black rat, red fox, feral cat, European rabbit 
(Oryctolagus cuniculus) and sambar deer (Cervus unicolor) (Table 5.3; Figure 5.1). 
The most common species were black rat (20 sites), red fox (17 sites), house mouse 
(15 sites) and feral cat (Felis catus) (10 sites) (Table 5.3). Typically, at sites at which 
a species was recorded, the number of detections varied over the 14 night survey 
period. The detections per site were lower for the feral cat (present for 1-2 nights out 
of 14 nights) and red fox (1-6 nights), whilst higher for house mouse (1-7 nights), and 
most frequent for the black rat (1-14 nights). 
Table 5.3 Introduced species recorded during 14 nights of camera surveys. 
Presented are the number of sites at which species were detected, naïve occupancy 
(number of sites detected/ 80 sites surveyed), detection probability per site, and the 
number of survey nights (rounded up to nearest whole number) required for 80% 
confidence that a lack of detection was a true absence. 
Species  Sites 
present 
Naïve 
occupancy 
Detection 
probability (P) 
SE (P) Number of survey 
nights required  
Mus musculus 15 0.19 0.15 0.03 11  
Rattus rattus 20 0.25 0.35 0.03 4  
Felis Catus 10 0.13 0.03 0.02 56  
Vulpes vulpes 17 0.21 0.101 0.02 16  
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Figure 5.1 Introduced species detected during camera surveys at 2-3 years after 
wildfire including a) house mouse, b) black rat, c) red fox, d) feral cat, e) European 
rabbit, and f) sambar deer.  
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Records were insufficient for the sambar deer and European rabbit and hence no 
further analysis of these were conducted. The sambar deer had infrequent records at 
few sites (5 sites), which encompassed all fire severity classes. Records of the 
European rabbit were also sparse (7 sites), and were from burnt sites only (understorey 
or severely burnt sites), across both fire histories (long and short). Domestic dogs were 
recorded once in forest close to urban areas, but are not considered further. 
Statistical analyses were undertaken for the four most common species. Fourteen 
survey nights were sufficient for two species, house mouse and black rat, for an 80% 
detection probability at a site (Table 5.3). The other two species, the red fox and feral 
cat had lower detection probabilities and required more than 14 nights to be 80% 
confident that a lack of detection was a true absence (Table 5.3); this is considered in 
interpretation of results.  
5-4-2 What is the relative influence of wildfire severity, fire history and 
landscape context? 
The house mouse, black rat, red fox and feral cat were widespread across the fire-
affected landscape and were recorded in each of the fire severity classes – unburnt, 
understorey burnt and severely burnt sites. For the black rat, two models showed 
substantial support (ΔAIC < 2; Table 5.4); the fire severity plus fire history model, and 
the fire severity model. These variables (and random factors) accounted for 27% and 
26%, respectively, of the variance in the data (R2c) (Table 5.4). Akaike weights for 
both of these models were < 0.9, and so model averaging was conducted. Fire severity 
was an important influence: there was a higher probability of occurrence of the black 
rat at burnt sites (i.e. understorey only, and severely burnt) than at unburnt sites (Figs 
5.2 and 5.3). The occurrence of the house mouse had support from two models; the 
null model and fire severity model (ΔAIC < 2; Table 5.4). However, after model 
averaging, no variables were considered important (Figure 5.2). The null model had 
the most support for the occurrence of both red fox and feral cat (ΔAIC< 2; Table 5.4). 
Again, after model averaging was conducted, no variables were an important influence 
on their distribution (Figure 5.2).  
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Table 5.4  Models with the most support (ΔAIC<2) in a model set for each 
introduced species testing the relative influence of fire regime and landscape context. 
Values presented for each alternative model include the df, Log likelihood, AICc, the 
difference in AICc from the best model (ΔAIC) and the Akaike weight. Model fit is 
represented by R2: R2m is the variance from fixed predictors and R2c is the variance 
explained by both fixed and random predictors.  
Response 
variable 
Model structure df Log 
likelihood 
AICc ΔAICc Akaike 
weight 
R2m 
 
R2c 
 
Mus musculus  Null model 3 -34.11 74.5 0.00 0.52 0.00 0.41 
 Severity 5 -32.70 76.2 1.69 0.22 0.04 0.45 
Rattus rattus  Severity + History 6 -39.05 91.2 0.00 0.48 0.24 0.27 
 Severity 5 -40.40 91.6 0.35 0.40 0.18 0.26 
Vulpes vulpes  Null model 3 -39.14 84.6 0.00 0.81 0.00 0.30 
Felis Catus Null model 3 -30.10 66.5 0.00 0.75 0.00 0.05 
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Figure 5.2 Model-averaged estimates with 95% confidence intervals for reporting 
rate of introduced species based on generalized linear mixed models that tested the 
relative influence of fire regime components and landscape context. Parameters are 
important if confidence intervals do not cross zero (bold). Reference levels for 
categorical predictor variables include unburnt (fire severity) and long > 20 years (fire 
history). Model averaging was conducted for models with ΔAICc < 6; these models did 
not include any landscape variable for the fox and cat. 
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Figure 5.3 Predicted occurrence (95% CI) for the black rat from generalized linear 
mixed models testing the relative influence of fire regime components and landscape 
context. Fire severity was important at 2-3 years after wildfire, with a higher 
occurrence predicted in severely burnt sites. 
5-4-3  Does topographic location influence introduced species in the post-
fire environment? 
All four species of house mouse, black rat, red fox and feral cat were detected at both 
topographic locations of gully and slope transects in the post-fire environment. Only 
one species was influenced by topographic position: there was a higher occurrence of 
the black rat in gullies compared with slopes (estimate = -5.01, SE = 1.52, Z = - 3.30). 
The other three species were not influenced by gully or slope location: house mouse 
(estimate = -0.65, SE = 0.59, Z = -1.10), feral cat (estimate = 0.43, SE = 0.67, Z = 
0.65), and red fox (estimate =0.00, SE = 0.48, Z = 0.00).  
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5-4-4 Are there associations in occurrence between introduced and native 
mammal species after wildfire?  
There were few important relationships between the spatial pattern of occurrence of 
introduced and native species. One introduced predator was associated with the 
occurrence of one native prey species. The detection/non detection of the introduced 
feral cat was negatively correlated with the agile antechinus (est = -0.05, SE = 0.001, 
Z = -33.5). There appeared to be no significant relationships of the occurrence of the 
red fox with the bush rat (est = 0.02, SE = 0.48, Z = 0.03), nor of the feral cat with the 
bush rat (est = 0.17, SE = 0.55, Z= 0.30). 
There was support for only one correlation between introduced small mammal species 
and native species. The detection/non detection of the house mouse was negatively 
associated with the reporting rate of the bush rat (est = - 1.24, SE= 0.58, Z = -2.16). 
The occurrence of the house mouse appeared not to be associated with the native agile 
antechinus (est = 0.95, SE= 0.53, Z = 1.80). There was minimal evidence for an 
association between the detection/non detection of the introduced black rat and the 
recording rate of the bush rat (est = 0.56, SE = 0.42, Z = 1.34), or the agile antechinus 
(est = 0.63, SE= 0.41, Z = 1.55). 
5-5 Discussion 
I investigated the distribution of introduced mammal species in relation to components 
of the fire regime and the landscape context of sites in the early post-fire environment 
after a major wildfire. I found three main results. First, the most common introduced 
species were widespread across the region, and were not greatly affected either by the 
fire regime at a site-level or at the landscape-level, 2-3 years post-fire. Second, 
sampling was undertaken systematically in a gully and on adjacent slope at each site 
but topographic position at the local scale did not influence the detection of most 
introduced species. Third, there were minimal associations between the occurrence of 
introduced and native species at the site-level, based on potential interactions (e.g. 
predation and competition). Together, these findings indicate that at this stage in the 
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post-fire succession the distribution of introduced species is not strongly affected by 
fire severity or fire-induced heterogeneity at either the site or landscape level. 
5-5-1 Fire regime, landscape context and topography, and the distribution 
of introduced mammals 
In the early post-fire environment, four species (house mouse, black rat, red fox and 
feral cat) were widespread within each level of fire severity. The introduced rodent, 
the black rat, was the only species that was influenced by the fire regime, favouring 
sites burnt in the wildfire at 2-3 years post fire. It was also the only species influenced 
by topography at the local scale, being positively associated with gullies. The black 
rat has been recorded to decrease in abundance immediately after a wildfire (Stokes et 
al., 2009a), as well as favouring simplified forest structure after frequent low-intensity 
burns (Catling, 1991). The black rat has also been associated with dense understorey, 
abundant vertical stems and leaf litter (Cox et al., 2000). Although leaf litter was 
minimal in burnt sites at the time of surveys, dense regeneration of vegetation with 
vertical stems may have provided adequate habitat in simplified burnt forest sites. 
Moist gullies may also facilitate survival after fire, and the black rat has previously 
been correlated with habitats indicative of both moist rainforest and open forests 
(Stokes et al., 2009a).  
I expected that fire regime components and landscape context would have a greater 
influence on the occurrence of introduced species. Fire severity in particular, was 
expected to have a strong influence because a) the mortality of mammals could be 
greater in areas of high severity fire (Newsome et al., 1975; Whelan et al., 2002), and 
b) fire simplifies vegetation structure and alters the availability of resources, which 
can have consequences for both introduced and native species alike (Fox, 1982; Torre 
& Diaz, 2004; Forsyth et al., 2012; Robinson et al., 2013). For example, the abundance 
of the house mouse is reported to be greater 1-2 years after wildfire (Fox, 1982), as 
well as favouring recently burnt vegetation with lower structural complexity (Catling, 
1991; Recher et al., 2009; Kelly et al., 2010). However, I found limited effects of the 
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fire regime on house mouse and other introduced species. There are several possible 
explanations for these results. 
First, introduced species can often adapt to a variety of habitats, which assists 
widespread persistence in the early post-fire environment. Species that have a more 
generalized diet can use a wider range of resources (Gehring & Swihart, 2003), which 
is beneficial after fire. For example, the house mouse is particularly adaptable; it is 
omnivorous, has a high reproductive rate, and is able to disperse to and recolonise 
burnt areas after wildfire (Fox, 1982). Indeed, the house mouse, black rat, red fox and 
feral cat are all considered to benefit from a decrease in habitat complexity resulting 
from fire (Catling, 1991). Similarly, the red fox can generally inhabit diverse 
environments (Saunders et al., 2010), has a high recruitment rate and can move into 
empty territories in the absence of other foxes, in areas without fire (Newsome et al., 
2014). The cat can also occupy a wide range of habitats (Doherty et al., 2015). These 
attributes are likely to promote persistence in, or exploitation of, the post-fire 
environment. For example, the mobility of the red fox would assist animals to escape 
from fire (Newsome et al., 1975). Cats selected intensely burnt grass habitats that were 
more open and in tropical savanna woodlands in the central Kimberley, north-west 
Australia, (McGregor et al., 2014). In mallee vegetation in a semi-arid landscape, 
Australia, Payne et al., (2014) similarly found the red fox to be widespread in the post-
fire environment with limited effects of fire and landscape variables on local 
occurrence, most likely due to flexibility in diet and adaptability to a wide range of 
habitats. In the same way, native carnivores in the chaparral habitats of California, 
USA, showed limited response to wildfire (2-3 years after fire) highlighting their 
ability to adapt to the post-fire environment, probably due to their generalist foraging 
and habitat behaviours (Schuette et al., 2014).  
Second, I observed dense regeneration of vegetation in severely burnt sites during 
surveys at 2-3 years post-fire, after drought-breaking rains in 2010-2011. This 
regeneration would affect introduced species in this study. Here, the black rat and 
house mouse may benefit from dense understorey and explain their occurrence in burnt 
forest sites. Dense understorey can provide cover or refuge from predators (Cox et al., 
2000). For instance, thick understorey was a habitat component favoured by the black 
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rat in microhabitats in coastal NSW, Australia (Cox et al., 2000); and the house mouse 
used dense vegetation when predation risk was high in coastal shrubland, open 
woodlands, and tall forests in south-west western Australia (Dickman 1992). Although 
dense regeneration may restrict predator movements, red fox abundance was not 
influenced by habitat complexity or time since fire after wildfire in forest and 
heathlands of south-eastern NSW, Australia (Catling et al., 2001). Similarly, an 
increase in sambar deer abundance in Kinglake National Park (located in our study 
area) was observed to coincide with the regeneration of understorey vegetation in burnt 
sites at 16-24 months after wildfire (Forsyth et al., 2012). Rapid regeneration of 
vegetation in burnt sites following drought-breaking rains at 2-3 years after wildfire, 
appeared to contribute to limited differences in habitat structure between sites of 
differing fire severity, with unburnt and burnt sites not being greatly differentiated for 
introduced species at this time.  
5-5-2 Associations in occurrence between introduced and native mammal 
species 
Associations in occurrence may reflect predator-prey interactions after wildfire, as 
suggested in previous studies. For example, the Florida panther (Puma concolor coryi) 
selected recently burnt areas (< 1 year) that corresponded with increased prey 
availability of white-tailed deer (Odocoileus virginianus); which were the 
consequence of altered vegetation structure by prescribed burns in pine habitats of the 
sub-tropics of southern Florida, USA (Dees et al., 2001). Similarly, in eucalypt forests 
of coastal NSW, Australia, the introduced cat was positively associated with the 
southern brown and long-nosed bandicoots (Isoodon obesulus and Perameles nasuta), 
whilst the introduced red fox was negatively correlated with the abundance of the 
native long-nosed potoroo (Potorous tridactylus) 10 years after wildfire (Arthur et al., 
2012). Areas burnt at high intensities may also increase exposure of small mammals 
as prey, and therefore increasing hunting opportunities for cats (McGregor et al., 
2014).  
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In this study, the introduced house mouse was negatively associated with the small 
native rodent, the bush rat. This is likely to be due to the differing response of each 
species to structural changes in vegetation at 2-3 years post wildfire and/or a 
competitive interaction, which could be assessed in a more detailed study. In coastal 
eucalypt forest of south-eastern Australia, the house mouse colonised burnt forest 
within 2 years of wildfire where it was previously absent and increased in abundance, 
this is likely due to an increase in vegetation productivity in the immediate post-fire 
environment, but also from a decrease in competition and/or predation from bush rat 
and Antechinus spp. (Recher et al., 2009). 
The introduced black rat has the potential to compete with bush rat (Stokes et al. 2009). 
Here, a relatively higher frequency of occurrence of the black rat in burnt sites, 
compared with unburnt sites, similar to that of the bush rat (Chapter 4), may provide a 
food source for predators in the recovering burned forest. Introduced predators could 
also feed on introduced and native small mammals (Smith & Quin 1996), which could 
reduce native prey survival (e.g. red fox activity can reduce survival of the bush rat; 
(Kovacs et al., 2012). In some cases native prey may be more vulnerable because they 
have not evolved to learn avoidance behaviour (Banks & Dickman 2007; Salo et al., 
2007). 
Although there were few associations between introduced predators and native prey 
species, the widespread presence of predators after fire could potentially affect native 
prey populations at different stages in the post-fire succession. Native prey species 
have been reported to be particularly susceptible to predation immediately after fire 
(1-2 years) due to open vegetation in burnt areas that allows ease of movement by 
predators and little shelter or refuge for prey species (Sutherland & Dickman 1999; 
McGregor et al., 2014). For example, McGregor et al., 2014, suggested that cats can 
take advantage of small mammal species that have survived the fire but are more 
exposed after intense fires in savanna woodlands of the central Kimberley region, 
northern Australia. In the later stages of post-fire secondary succession, predation risk 
may increase if vegetation cover reduces as regeneration dies off, thus decreasing 
shelter for small prey species (Torre & Diaz 2004). Here at 2-3 years post fire, dense 
regeneration in previously burnt sites provided ample cover for prey species. 
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Our capacity to detect complex interactions between species was limited in this 
observational study, particularly when understanding the response of species to fire is 
already challenging for species that are hard to detect (Driscoll et al., 2012). Increasing 
the number of survey nights may increase the capacity to reliably detect species such 
as the feral cat and red fox, but any association derived from such distributional data 
remains correlative. Experimental studies, such as a replicated Before After Control 
Impact (BACI) design, including manipulation of predators or herbivores conducted 
at an appropriate scale, are required to evaluate and fully understand potential 
interactions between introduced and native species after wildfire (Edelman et al., 
2009; Arthur et al., 2012; Pedersen et al., 2014).  
5-5-3 Implications for conservation and management 
The widespread occurrence of introduced species in the post-fire environment (2-3 
years), indicates limited effects of fire severity, fire history and fire-induced landscape 
attributes at this time. The post-fire environment does not have a negative influence 
on most introduced mammal species at this point in time. This suggests that it is 
difficult to develop a particular fire management regime to reduce or eliminate these 
introduced species in the early stages after fire. However, management of introduced 
species after wildfire in fire-prone forests remains an important issue because their 
widespread presence could adversely affect native mammal species that are in the early 
stages of population recovery. For example, native species that are negatively affected 
by fire severity, such as arboreal mammals (see Chapter 3; Lindenmayer et al., 2013), 
may be more vulnerable to introduced predators in the early post-fire habitat (e.g. 
ringtail possum and foxes and cats (Russell et al., 2003). Others potentially at risk 
include native prey species, such as bush rats, bandicoots and potoroos (Smith & Quin 
1996; Arthur et al., 2012), as well as threatened species that are rare or localized.  
Interactions between climate, fire and mammal populations are intricate (Recher et al., 
2009). Climatic conditions, such as drought or high rainfall, in combination with fire 
could change predation pressure on native species possibly leading to threats or range 
declines of native species (Letnic et al., 2005; Smith & Quin 1996). For instance, in 
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coastal eucalypt forests of NSW, Australia, the abundance of the agile antechinus 
decreased during drought, and then declined to local extinction within 14 months after 
a wildfire (Recher et al., 2009). Hence, integrated management for introduced species 
and fire could be beneficial immediately after extreme wildfire and under particular 
climatic conditions, such as drought (Letnic et al., 2005; Doherty et al., 2015). 
Management of introduced species could also be prioritized in refuges of forest blocks 
or reserves known to support important populations of native species. 
I propose three key areas that require better understanding in relation to the status of 
introduced species after wildfire. First, knowledge of changes in the distribution and 
abundance of introduced species in different successional stages (e.g. 2, 10, 30 years) 
after wildfire is necessary to understand the temporal dynamics of such species in 
forest ecosystems. The early post-fire environment (< 1 year), when the landscape is 
dramatically transformed with reduced vegetation cover from understorey to canopy 
layer, is an especially important time. Long term studies that track changes in 
population sizes in relation to interactions between climatic conditions and disturbance 
processes can provide important insights for conservation (e.g. Letnic et al., 2005; 
Recher et al., 2009).  
Second, demographic studies would be valuable to better understand how populations 
change after fire. For example, studies of the relative survival and mortality of males 
and females, reproductive rates of females that survive/persist in different fire 
severities, dispersal distances from unburnt to burnt patches or vice versa, are all 
important to help understand the spatial dynamics of populations and vulnerability of 
species after fire (Banks et al., 2011b).  
Third, manipulative experimental studies would help to pin point the impacts of 
introduced species on native species, especially after disturbances like fire when there 
may be synergistic effects on native species from the disturbance and from introduced 
species (Doherty et al., 2015). This could be achieved by identifying potential 
interactions between introduced and native species, such as predation or competition. 
For example, manipulative experiments could be conducted after fire where the 
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invasive predator/competitor is absent or removed, compared to sites containing 
introduced species. The abundance or density, reproductive rates, and mortality rates 
of both species could be measured to test if the presence of invasive species limits the 
native population in the post-fire environment. Ideally these would be enclosed areas, 
unless an accurate measure of numbers of individuals that dispersal or influx could be 
achieved. These suggestions could provide necessary understanding of interactions 
with disturbances such as fire and introduced species in forest systems (Dale et al., 
2001; Doherty et al., 2015). 
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CHAPTER 6 The effects of wildfire, landscape 
heterogeneity, and habitat on an ecosystem 
engineer, the superb lyrebird (Menura 
novaehollandiae) 
 
 
A male superb lyrebird (Menura novaehollandiae). Photo: Alex Maisey 
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6-1 Abstract 
Ecosystem engineers influence environments by altering the structural attributes of 
habitats in ways that influence the abundance of other species. The superb lyrebird 
(Menura novaehollandiae), a large, ground-dwelling species, is an ecosystem engineer 
in eucalypt forests of south-eastern Australia. This species forages by turning over 
forest soils and litter, which alters the forest ground layer and influences the rate of 
litter decomposition. The fire regime in these fire-prone eucalypt forests potentially 
affects the distribution and occurrence of this species. Here, I used a unique 
opportunity to examine the occurrence of the superb lyrebird after a severe wildfire in 
foothill eucalypt forests, Victoria, Australia. First, I tested the relative influence of fire 
severity and fire history at sites, together with landscape context, on the occurrence of 
the superb lyrebird. Second, I determined whether topography moderated the effect of 
fire severity on the occurrence of the superb lyrebird. Third, I examined the relative 
influence of vegetation and habitat components on the occurrence of this species in 
different topographic positions. Remote cameras were used to survey 80 sites across a 
large forested region, 2-3 years after a severe wildfire. Superb lyrebirds were detected 
in all fire severity classes (unburnt forest, understorey burnt, severely burnt, reference). 
Fire severity and its interaction with fire history exerted the greatest influence on the 
occurrence of this species, with no evidence for the influence of fire-related patterns 
in the surrounding landscape. There was a higher recording rate at sites that remained 
unburnt within the 2009 wildfire than at sites that were burnt. For sites burnt in 2009, 
there was a lower recording rate at those that had experienced recent prior fire (< 3 
years) than those with a longer fire history (> 20 years). Topographic position 
moderated the effect of fire severity, with gullies favoured over slopes. Shrub cover 
(< 2 m) in gullies was the only habitat component identified as influencing the 
recording rate of the superb lyrebird. These results indicate that unburnt forest and 
gullies have an important role in the persistence of the superb lyrebird at 2-3 years 
after wildfire. Fire management that increases the number of unburnt patches likely to 
occur after wildfire, particularly in topographic gullies, will be of benefit to the 
conservation of the superb lyrebird in the fire-prone, foothill eucalypt forests of south-
eastern Australia. 
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6-2  Introduction 
Ecosystem engineers are organisms that regulate the availability of resources for other 
species directly or indirectly, through the physical creation, alteration or maintenance 
of habitat (Jones et al., 1994). They occur worldwide, with most ecosystems being 
substantially influenced by at least one species of ecosystem engineer (Jones et al., 
1994; Lawton, 1994; Jones et al., 1997; Wright & Jones, 2006). The structural changes 
to habitats by ecosystem engineers influence the abundance of other taxa and the 
richness and composition of communities (Jones et al., 1997; Jones et al., 2010). Such 
changes can also create a feedback effect, whereby the physical changes to habitat 
have direct positive effects on the ecosystem engineer itself (Jones et al., 1997). For 
example, the dam-building activities of the beaver (Castor canadensis) provides an 
essential habitat for this species, while also altering the heterogeneity of riparian 
landscapes and the species richness of herbaceous plants (Wright et al., 2002), 
amphibians and wetland bird species. Soil engineers, such as some species of termites 
and ants, build biogenic structures which can influence soil quality, plants and 
microorganisms, as well as affect the fitness of the organisms’ themselves (Jouquet et 
al., 2006). Given the large impacts of ecosystem engineers, and that their impacts may 
last longer than the life of the engineer itself (Hastings et al., 2007), it is important to 
understand how such species might be influenced by disturbance processes to the 
ecosystems in which they live.  
The superb lyrebird (Menura novaehollandiae) is an ecosystem engineer in eucalypt 
forests in south-eastern Australia (Adamson et al., 1983; Ashton & Bassett, 1997; 
Eldridge & James, 2009; Nugent et al., 2014). This species is large (76-103 cm head 
to tail), uniquely-plumed, and forages on the ground (Simpson & Day, 2004). Superb 
lyrebirds scratch and rake large amounts of leaf litter and soil as they forage for 
invertebrates, including upturning rocks of up to 2 kg (Adamson et al., 1983; Webb & 
Whiting, 2006). They also build soil mounds for display during the breeding season 
(Robinson & Frith, 1981). It has been estimated that superb lyrebirds can turn over up 
to 200 tonnes ha-1 of soil and litter per year (Ashton & Bassett, 1997). Through 
foraging activity, this species buries leaf litter with soil, which could accelerate 
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decomposition and hence expedite nutrient cycling; as well as potentially increasing 
the abundance of invertebrates (Adamson et al., 1983; Ashton & Bassett, 1997). Over 
time, turnover of soil by superb lyrebirds leads to gradual down-slope movement of 
soil and nutrients from slopes toward gullies (Ashton & Bassett, 1997).  
The eucalypt forests in which the superb lyrebird occurs in south-eastern Australia are 
among the most fire-prone forests in the world (Adams & Attiwill, 2011). The effects 
of fire on forest fauna may be direct (i.e. mortality during the fire event), or indirect 
via changes in habitat suitability following the fire (Whelan et al., 2002). Fire severity 
(which describes the consequences of fire intensity on vegetation), and fire history 
(time between fire events), are known to influence the abundance of bird species, and 
the species richness and composition of communities (Smucker et al., 2005; 
Kirkpatrick et al., 2006; Fontaine et al., 2009; Pons & Clavero, 2010; Fontaine & 
Kennedy, 2012; Watson et al., 2012b). Fire also creates heterogeneity in the landscape 
at a larger scale, and the resulting spatial patterns may influence biota (Williams et al., 
1994). For example, the spatial configuration of burnt and unburnt patches of 
vegetation can influence the survival and recovery of bird species in the post-fire 
environment (e.g. Brotons et al., 2005; Fuhlendorf et al., 2006; Watson et al., 2012a). 
Environmental variation across the landscape can influence the fire regime, and also 
affect the distribution of biota. For example, moist gullies in topographically diverse 
landscapes can evade high intensity fire and hence mitigate severe fire effects on 
animals (Bradstock et al., 2010; Leonard et al., 2014a).  
Here, I examine the effect of an extensive wildfire on the distribution and occurrence 
of the superb lyrebird in foothill eucalypt forests of central Victoria, Australia. Surveys 
were undertaken ~ 2-3 years post-fire, at sites carefully chosen to represent different 
combinations of fire severity and fire history classes, stratified across the landscape. I 
posed three main questions:  
1. What is the relative influence of fire severity, fire history and landscape context on 
the occurrence of the superb lyrebird? 
Chapter 6: The effects of the wildfire and landscape heterogeneity on an ecosystem engineer 
116 
2. Does topographic variation modify the influence of fire severity on the superb 
lyrebird? 
3. Are there particular habitat components in different topographic locations that 
influence the occurrence of this species? 
I predicted that fire severity would have the greatest influence on the distribution and 
occurrence of the superb lyrebird, and that unburnt forest sites would support higher 
activity than burnt sites.  
6-3 Methods  
The study area and selection of study sites are described in Study area. 
6-3-1 Surveys 
Surveys were conducted by using passive infra-red cameras at 80 sites, for a total 6084 
camera nights, from January-August 2011. Each site comprised a gully and adjacent 
slope, with a 200 m transect in each, situated ~100 m apart. Six cameras were set at 
each site to survey terrestrial animals, with three cameras placed on each transect (see 
Fauna surveys and species identification). On each transect, two cameras targeted 
small native mammals and were set facing vertically downwards on steel posts from a 
height of 1.3 m (De Bondi et al., 2010). The third camera targeted larger native and 
exotic mammals, faced horizontally outwards, and was set on an aluminium post at 
0.5 m height (Fauna surveys and species identification). These surveys were effective 
in detecting the ground-dwelling superb lyrebird. Further details of the camera survey 
technique, and methods for determining the detection probability of species, are 
described in Chapter 4.  
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6-3-2 Relative influence of fire regime components and landscape context 
6.3.2.1 Response and predictor variables 
I examined the relative effects of fire severity, fire history and fire-induced landscape 
context on the occurrence of the superb lyrebird, by using generalised linear mixed 
models (GLMM). The response variable was the proportion of camera days on which 
the superb lyrebird was detected; that is, the number of camera-days with records of 
the species divided by the total number of camera days surveyed per site (max = 84 
days; i.e. 6 cameras per site x 14 days). Records from gully and slope transects were 
pooled for each site. I refer to this measure as the ‘recording rate’. Due to the response 
variable being a proportion, a binomial distribution was specified and a log-link 
function was applied to all models (including those in the following sections) (Zuur et 
al., 2009). 
Five predictor variables were selected to represent components of the fire regime at 
the site-level and the landscape-level. The fire regime components at the site scale 
were categorical variables: fire severity (unburnt, understorey burnt, severely burnt, 
reference) and fire history (long > 20 years, short < 3 years since last fire) (Table 6.1). 
Three continuous variables were chosen to represent the landscape context within a 1 
km radius surrounding each site: the area of unburnt forest (ha), the heterogeneity of 
fire severity classes (Shannon-Wiener index), and the length of waterways (km). These 
landscape context variables were extracted from aerial photography and spatial data 
layers in GIS (ArcMap v 10) as described in Chapter 4. There was little evidence for 
correlations among continuous predictor variables (Spearman’s rank correlation 
coefficients < 0.22). These continuous variables were centred and scaled (i.e. for each 
observation, subtracting the mean and dividing by the standard deviation) to allow 
direct comparison of their influence. Linear relationships between the recording rate 
of the superb lyrebird and continuous predictor variables were assumed after initial 
assessments of scatter plots. There was minimal support (i.e. if delta AIC < 2) for 
transformed (log10) continuous predictor variables to improve relationships, hence all 
remained untransformed.  
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Table 6.1 Description of predictor variables used in generalised linear mixed models 
to test the influence of fire regime components on the occurrence of the superb lyrebird 
in fire-prone eucalypt forests, Victoria. The first level for each categorical variable was 
treated as the reference level. 
Variable Variable Description Level Level Description 
Severity Fire severity at survey sites  Unburnt Unburnt forest 
  Understorey Understorey and/or ground burnt 
  Severe Canopy scorched or completely 
burnt 
  Reference Unburnt and located outside but 
close to the wildfire boundary 
History Fire interval at a site prior to 
2009  
Long Unburnt for > 20 years before 
2009 
  Short Burnt < 3 years before 2009 
Landscape 
unburnt area 
Unburnt forest in 
surrounding landscape  
Continuous Area (ha) of unburnt forest 
within a 1 km radius of site 
Heterogeneity Heterogeneity of fire 
severity in surrounding 
landscape  
Continuous Heterogeneity of fire severity 
classes within 1 km radius of 
site, calculated by Shannon’s 
diversity index. 
Waterways Waterways in surrounding 
landscape  
Continuous Total length (m) of waterways 
within a 1 km radius of site. 
Topography Topographic location at a 
site 
Gully Gully location 
  Slope Slope location 
Canopy Canopy cover Continuous Percentage canopy cover (visual 
estimate) 
Shrub Shrub cover Continuous Percentage shrub cover in height 
class 1-2 m 
Regeneration Eucalypt regeneration  Continuous Percentage cover of eucalypts < 
3 cm stem diameter at breast 
height in height class 0-0.5 m 
Log  Log cover Continuous Percentage cover of logs (woody 
debris > 50 cm long and > 5 cm 
diameter). 
Litter Litter cover Continuous Percentage cover of leaf litter 
(leaves and twigs < 1 cm 
diameter) 
Reserve Geographic location of sites 
based on land management  
NA Random effect 
Season Surveys undertaken in three 
seasons: summer, autumn, 
winter  
NA Random effect 
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6.3.2.2 Model selection 
An information theoretic approach was used to compare a set of alternative hypotheses 
concerning the relative effect of predictor variables on the recording rate of the superb 
lyrebird. These eight models (Table 6.2) contained different combinations of site and 
landscape predictor variables expected to influence the occurrence of this species. Fire 
history was only included in models together with fire severity, because it did not make 
‘ecological sense’ for fire history alone to influence superb lyrebirds after a wildfire. 
Two random effects, ‘reserve’ and ‘season’, were included to account for spatial and 
temporal correlation due to the large geographic area surveyed and the timeframe of 
sampling (over three seasons, summer, autumn, winter), respectively (Table 6.1). 
Residuals of the global model were mapped in a bubble plot in relation to location to 
further assess any spatial correlation in superb lyrebird occurrence. During the first 
stage of modelling, the global model was overdispersed (Pearson’s residual = 1.69). 
Hence, an observation-level random effect was included in all models in the set to 
account for unexplained variance, and these were re-run (Zuur et al., 2009). Model fit 
was estimated for each model by calculating the marginal R2 (i.e. that due to predictor 
variables) and conditional R2 (predictor variables plus random effects) (Nakagawa & 
Schielzeth, 2013).  
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Table 6.2 Model structures of GLMMs chosen to test the relative influence of fire 
regime components and landscape context on the recording rate of the superb lyrebird 
at each site (gully and slope combined). All models included ‘reserve’ and ‘season’ as 
random effects to account for spatial and temporal correlation. An additional 
observation-level effect was included to account for unexplained variance.  
Fire regime and landscape context model set 
Superb lyrebird ~ Null model 
Superb lyrebird ~ Severity 
Superb lyrebird ~ Severity + History 
Superb lyrebird ~ Severity * History 
Superb lyrebird ~ Severity + Landscape unburnt area + Heterogeneity + Water 
Superb lyrebird~ Severity + History + Landscape unburnt area + Heterogeneity + Water 
Superb lyrebird ~ (Severity * History) + Landscape unburnt area + Heterogeneity + Water 
Superb lyrebird ~ Landscape unburnt area + Heterogeneity + Water 
 
Next, models were ranked by using Akaike’s Information Criterion (AIC) corrected 
for small sample size (AICc) and Akaike weights (wi). Models with the lowest AICc 
and those with a ΔAICc < 2 were considered to have substantial support, whilst models 
with ΔAICc > 6 were deemed to have minimal support. There was no single ‘best’ 
model (i.e. lowest AICc, wi > 0.90) in the set to explain superb lyrebird occurrence, 
and therefore model averaging was conducted on all models for which ΔAICc < 6. 
Model-averaged coefficients and standard errors were estimated for each parameter. 
Predictor variables were considered influential if the 95% confidence intervals of the 
model-averaged coefficient did not cross zero (i.e. if z < -1.96 or z > 1.96) (Burnham 
& Anderson, 2002). Influential variables were then used to generate model predictions, 
representing the probability of occurrence of the superb lyrebird at a random site with 
set attributes. Model validation included an assessment of plots of Pearson’s residuals 
of the global model against fitted residuals, as well as against each predictor variable.  
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6-3-3  Influence of topography and fire severity  
I used a GLMM to test the influence of topography in moderating the effect of fire 
severity on the occurrence of the superb lyrebird. The response variable was the 
proportion of camera nights on which the superb lyrebird was detected at each gully 
and slope transect, respectively. Two categorical predictor variables were used: 
topographic position (gully or slope) and fire severity (unburnt, understorey burnt, 
severely burnt, reference) (Table 6.1). Random effects in each model included 
‘reserve’ and ‘season’ (see above), and also an extra random effect of ‘Site’ to account 
for the spatial correlation of gully and slope transects.  
Three models were built: a) topography plus fire severity (additive influences i.e. 
topography + severity), b) an interaction between topography and fire severity 
(topography x severity), and c) fire severity alone (severity). Models were ranked and 
compared, and assumptions checked, as described above.  
6-3-4 Influence of habitat and topographic location 
I used GLMMs to test the relative influence of vegetation and habitat components on 
the occurrence of the superb lyrebird in different topographic positions. The response 
variable was the proportion of camera nights on which the species was detected. 
Separate analyses were conducted for gullies and slopes. I chose five predictor 
variables based on habitat features likely to influence the superb lyrebird (Ashton & 
Bassett, 1997): canopy cover, shrub cover 1-2 m height, eucalypt regeneration < 0.5 
m, log cover, and litter cover (Table 6.1). Habitat variables were measured at gully 
and slope transects at each site during the spring-summer of 2010-2011, ~2 years after 
the 2009 wildfire. Transects of 50 m were established in each gully and slope, in the 
middle of the 200 m camera trap transect. Habitat variables were measured on the 
transect, based on contacts with a 4 m ranging pole at 1 m intervals. 
Predictor variables had a low level of inter-correlation (Spearman’s rank correlation 
coefficients < 0.51). For canopy cover and eucalypt regeneration, there was improved 
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linearity (ΔAICc < 2) by using a 1og10 transformation (constant of 0.01 added due to 
presence of zeros), for both topographic positions; while shrub cover and density of 
logs were transformed for the gully data set. Predictor variables were made comparable 
by scaling (subtracting the mean and dividing by the standard deviation for each 
observation), and model assumptions were checked as described above. 
All statistical analyses were conducted in the R statistical package (v 3.1.1; R 
Development Core Team, 2014). GLMMs were run with packages ‘lme4’ (Bates et 
al., 2014), and model selection and averaging with ‘MuMIn’ (Bartoń, 2014). Model 
predictions were generated with the packages ‘AICcmodavg’ (Mazerolle, 2014) and 
‘boot’ (Canty & Ripley, 2014). R2 values were calculated with the ‘rsquared.glmm’ 
function (Lefcheck & Casallas, 2014). 
6-4 Results 
The superb lyrebird was widespread across the wildfire-affected area, being detected 
at 38% of sites (30/80). It was detected at sites of all levels of fire severity and fire 
history, with the exception of reference sites which had been unburnt for > 20 years at 
the time of the wildfire (i.e. ‘long’ fire history; Figure 6.1). Superb lyrebirds were 
present in both gullies and on slopes in all fire severity classes, except for severely 
burnt slopes; but, overall there were more records in gullies than on slopes (Figure 
6.1).  
If present at a site, the superb lyrebird was recorded from between 1 to 16 camera-days 
out of a maximum of 84 camera-days (entire survey period of 14 days). Individuals 
known to be females were detected at 20 sites whilst males were recorded slightly less, 
at 18 sites. However, the sex of individuals could not be identified for all photo records 
due to low visibility or only partial photos of an individual, and hence data from both 
sexes were pooled for further analyses. All but two photos of superb lyrebirds (n = 
259) were recorded during daylight hours, from approximately 6 am – 9 pm. 
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Figure 6.1 Proportion of sites at which the superb lyrebird was detected in relation 
to categorical predictor variables (total number of sites sampled in each category 
represented above each column) : a) fire severity (unburnt, understorey burnt, severe, 
reference) and fire history (long unburnt > 20 years, short < 3 years), and b) 
topographic location in different fire severity classes. 
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The naïve occupancy (proportion of sites at which recorded) for the superb lyrebird 
was 0.38. The daily detection probability (P) for this species was 0.25 (95% CI = 0.20 
- 0.29). Therefore, 14 survey days was sufficient to have 95% confidence that lack of 
detection at a site represented a true absence for this species. 
6-4-1 Relative influence of fire regime components and landscape context 
Four out of eight models testing the relative influence of fire severity, fire history and 
landscape context had substantial support (ΔAICc < 2) (Table 6.3). The model with 
the lowest AICc value was that with the interaction between fire severity and fire 
history, which accounted for some 72% of the variance in the data (Table 6.3).  
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Table 6.3 Results for models of: a) the relative influence of fire regime components and landscape context variables and b) topography and fire severity 
on the recording rate of the superb lyrebird. Models with the most support (ΔAIC < 2) from each model set are presented with the df, log likelihood, AICc, 
the difference in AICc from the best model (ΔAIC) and the Akaike weight. Model fit is represented by R2: R2m is the variance explained by fixed predictors 
and R2c is the variance explained by both fixed and random predictors. 
Model structure df Log 
likelihood 
AICc ΔAICc Akaike 
weight 
R2m 
 
R2c 
 
A. Fire regime and landscape study        
Severity x History 11 -108.70 243.3 0.00 0.25 0.72 0.76 
Severity + Landscape unburnt area + Heterogeneity + Waterways 10 
 
-110.17 243.5 
 
0.24 0.22 0.20 0.31 
Severity x History + Landscape unburnt area + Heterogeneity + Waterways 14 -104.56 243.6 0.30 0.21 0.50 0.59 
Severity 7 -114.44 244.4 1.15 0.14 0.14 0.22 
B. Topography and fire severity         
Topography x Severity  11 -159.24 342.3 0.00 0.98 0.87 0.93 
Topography + Severity 8 -166.65 350.2 7.99 0.02 0.15 0.56 
Severity 7 -171.08 356.9 14.64 0.00 0.14 0.56 
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As there was no single best model (lowest AICc, wi > 0.90), I conducted model 
averaging. Several predictor variables were important (i.e. 95% confidence intervals 
of estimates did not overlap zero) (Table 6.4). Fire severity at sites was an important 
driver of the distribution of the superb lyrebird at 2-3 years after wildfire. There was a 
lower recording rate at both types of burnt sites (understorey-only, severely burnt) 
compared with sites that remained unburnt (Figure 6.2). The interaction between fire 
severity and history was important for burnt sites (understorey and severely burnt) 
(Table 6.4). For a given level of fire severity, the recording rate was lower for sites 
burnt < 3 years prior to the 2009 wildfire than those burnt > 20 years prior to 2009, 
and this effect was greater at severely burnt sites. Finally, there was no evidence that 
the occurrence of the superb lyrebird was influenced by effects of fire at the landscape-
level, but the total length of waterways was important: the recording rate was lower at 
sites surrounded by a greater length of waterways (Table 6.4).
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Table 6.4 Results from model-averaging for models of the relationship between the 
recording rate of the superb lyrebird and fire regime and landscape context. Values 
presented are the model-averaged coefficient estimates and their standard errors. 
Variables are considered important if the 95% confidence limits of the coefficient do 
not overlap with zero (i.e. z < -1.96 or z > 1.96 (*). Reference levels of predictor 
variables are Severity (unburnt), and History (long > 20 years).  
Variable Coefficient SE Z-value 
Intercept -3.56 0.79 4.43 
Severity understorey -1.65 0.75 2.18* 
Severity severe -2.87 0.82 3.44* 
Severity reference -0.14 2.23 0.06 
History short -0.43 0.49 0.86 
Severity unburnt x History short -0.92 0.70 1.30 
Severity understorey x History long -1.73 0.72 2.36* 
Severity understorey x History short -2.16 0.77 2.77* 
Severity severe x History long -2.45 0.82 2.91* 
Severity severe x History short -4.12 1.21 3.35* 
Severity reference x History long -11.97 306.94 0.04 
Severity reference x History short 0.65 2.06 0.31 
Landscape unburnt area -0.67 0.59 1.10 
Heterogeneity 0.35 0.42 0.82 
Water -0.62 0.23 2.60* 
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Figure 6.2 Predicted recording rate (95% CI) of the superb lyrebird with GLMM 
based on the fire severity model during the investigation of the relative influence of the 
fire regime and landscape context. 
6-4-2 Does topography modify the influence of fire severity on the superb 
lyrebird? 
Given that fire severity influenced the occurrence of the superb lyrebird, it was of 
interest to test whether this effect may be modified by topographic position (gully or 
slope). Of three models in the model set, there was overwhelming support for that 
which included the interaction between fire severity and topography (Akaike weight 
> 0.90) (Table 6.5). This model accounted for 87% of the variation in recording rate 
of the superb lyrebird (Table 6.3). In general, compared with gullies that remained 
unburnt during the wildfire (i.e. the reference level) (Table 6.5), the recording rate was 
notably lower in gullies which experienced high severity fire (severe), on slopes which 
experienced an understorey burn, and on slopes at reference sites (unburnt areas 
located outside the fire boundary).  
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Table 6.5 Results from the ‘best’ model of the relationship between the recording 
rate of the superb lyrebird, topographic position and fire severity. Estimates of 
coefficients and associated standard error are presented for the interaction between 
topography and fire severity. Coefficients are important if z < -1.96 or z > 1.96 (*). 
Reference levels of predictor variables are gully (topography) and unburnt (fire 
severity).  
Variable Estimate of coefficient SE Z value 
Intercept -3.69 0.60 -6.10 
Slope / Unburnt -0.16 0.25 -0.67 
Gully / Understorey burnt -1.06 0.62 -1.71 
Slope / Understorey burnt -1.81 0.67 -2.72* 
Gully / Severe  -2.00 0.76 -2.63* 
Slope / Severe  -19.78 2021.24 -0.01 
Gully / Reference -1.52 0.91 -1.68 
Slope / Reference -2.40 0.99 -2.43* 
 
6-4-3 How do habitat components influence the superb lyrebird in 
different topographic positions? 
Given that the occurrence of the superb lyrebird was influenced both by fire severity 
and topography, I examined the relative influence of habitat variables on its occurrence 
in the different topographic positions. In gullies, only one habitat variable (shrub cover 
1-2 m) influenced the recording rate of superb lyrebirds (r2m = 0.19, r2c = 0.30 for the 
global model): the recording rate increased with increasing shrub cover (Figure 6.3). 
On slopes, none of the measured habitat variables was an important influence on 
recording rate at the 95% confidence level (Figure 6.3).  
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Figure 6.3 Model estimates and associated 95% confidence intervals for habitat 
components for the recording rate of the superb lyrebird in the topographic locations 
of gully and slope, respectively. Habitat variables are important if the 95% confidence 
interval does not cross zero. 
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6-5 Discussion  
The superb lyrebird is an ecosystem engineer that, by its foraging activity on the forest 
floor, exerts an influence on ecological processes and on habitats used by other species 
in eucalypt forests of south-eastern Australia (Adamson et al., 1983; Ashton & Bassett, 
1997; Eldridge & James, 2009; Nugent et al., 2014). Here, I assessed the impact of 
fire regime components and environmental attributes on this species in one of the most 
fire-prone regions in the world. Surveys of the distribution and occurrence of the 
superb lyrebird undertaken 2-3 years after a major wildfire showed three main points: 
1) fire severity and fire history at the site level both have an important influence on 
this species; 2) topographic position can moderate the effect of fire severity; and 3) 
habitat components in different topographic locations did not have a large impact on 
the occurrence of this species. These results suggest that unburnt patches of forest, 
especially associated with gullies, provide important habitat for the superb lyrebird at 
this early stage of the post-fire environment.  
6-5-1 Importance of fire severity and fire history at the site level 
Fire severity at survey sites was the most influential driver of the distribution of superb 
lyrebirds at 2-3 years after wildfire, with severe fire negatively influencing the 
recording rate of this species. Similarly, Nugent et al., (2014) found, from foraging 
activity, that superb lyrebirds favoured unburnt sites for foraging in the early post-fire 
succession, compared with severely burnt sites; and Robinson et al., (2014) reported 
from diurnal bird surveys that this species occurred more frequently in unburnt sites 
than at burnt forest sites of varying fire severity. Elsewhere, in NSW, Australia, a 
lower number of superb lyrebirds was reported in temperate eucalypt forest, at 1-2 
years after wildfire (mostly understorey burn) (Smith, 1989); and likewise in forests 
in East Gippsland, Victoria this species dropped to minimum numbers one year after 
wildfire (Loyn, 1997).  
Several factors could explain the negative response of the superb lyrebird to fire 
severity. First, wildfire could cause direct mortality and reduce population density in 
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burnt forest, although the rate of mortality during fire events for fauna has rarely been 
documented (Whelan et al., 2002). Second, fire alters the vegetation and thereby the 
suitability of habitat for species (Catling et al., 2001). The loss of structural complexity 
of vegetation by fire is known to influence the abundance of ground-dwelling 
mammals (Catling et al., 2001); and is likely to also alter the suitability of habitat for 
the ground-dwelling superb lyrebird. This species requires habitat with a relatively 
open understorey, as they forage on bare ground and often build mounds in areas 
without dense vegetation (Robinson & Frith, 1981; Ashton & Bassett, 1997). They 
nest most often at the base of trees or treeferns, but rarely in thick ground layer 
vegetation such as clumps of forest wiregrass (Tetrarrhena juncea) (Reilly, 1970; Lill, 
1980). In this study, forest vegetation was stimulated by two years of above-average 
rainfall (2010, 2011) after wildfire (2009), and at the time of the survey many severely 
burnt sites were covered with dense regeneration of eucalypts and wiregrass. Forest 
wiregrass re-growth a few years after fire could decrease numbers of this species 
(Woinarski & Recher, 1997), as the dense regrowth could be a physical barrier that 
restricts foraging and building of display mounds (Ashton & Bassett, 1997). Hence, 
thick regeneration in this study could also be a barrier and explain a lower recording 
rate at severely burnt sites. This situation contrasts with the immediate post-fire 
environment reported after a low intensity prescribed burn in NSW (Doty et al., 2014), 
which opened up the understorey and provided easier foraging and movement for the 
superb lyrebird, 5-20 days post-fire.  
A third factor that may result in a negative response to fire severity is that fire may 
influence availability of food, such as litter invertebrates (Certini, 2005; New et al., 
2010). For example, the abundance of soil invertebrates decreased two months after 
fire in boreal forest (Wikars & Schimmel, 2001), soil macroinvertebrates decreased in 
savanna woodlands within the first year of fire (Doamba et al., 2014), and terrestrial 
invertebrate abundance was reduced after frequent low-intensity fire in dry eucalypt 
forests in Australia (York, 1999). 
Finally, the superb lyrebird may be more vulnerable to predators in the early post-fire 
environment. Introduced species such as the red fox (Vulpes vulpes) and feral cat (Felis 
catus) are known to prey on superb lyrebird nests (Lill, 1980). Hence, fire severity 
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significantly influences superb lyrebird occurrence, most likely through a combination 
of direct impacts on individuals, and indirect changes to habitat quality in these fire-
prone forests.  
Fire history was also an important influence on the recording rate of the superb lyrebird 
in the post-wildfire landscape: it was more likely to occur at sites with a longer fire 
history (no fire > 20yrs before 2009 wildfire), rather than those with a shorter fire 
history (i.e. burned within the previous 3 years before 2009). Frequent fires could alter 
habitat and food resources for this species compared with forests with fewer fires over 
longer periods. For example, invertebrate abundance in dry eucalypt forests, south-
eastern Australia, can be reduced by frequent low intensity fire due to decreases in the 
amount of leaf litter and related topsoil and litter moisture, and simplified habitat 
structure (York, 1999). Frequent fire can reduce habitat for the superb lyrebird, by 
decreasing the amount of shrub and ground cover vegetation on ridges in temperate 
eucalypt forests (Collins et al., 2012). The nesting habits of birds can be disturbed by 
frequent fires, possibly reducing opportunities for reproduction and reproductive 
success (Woinarski & Recher, 1997). These results support those of Nugent et al., 
(2014), which suggests that recently burnt forest habitat is not favourable for the 
superb lyrebird.  
It is notable that fire effects at the landscape scale did not appear to influence the 
occurrence of this species at sites 2-3 years after fire. Superb lyrebirds were 
widespread and present in all levels of fire severity, including severely burnt sites; 
which suggests either survival in situ, and/or recolonisation of burnt sites after the fire 
event. In situ survival is possible; Loyn, (1997) observed superb lyrebirds with 
scorched tails that had survived the initial wildfire event in forests in south-eastern 
Australia. Robinson et al., (2014) also proposed in situ survival of superb lyrebirds 
after wildfire. Recolonisation of burnt sites is also plausible, with the rate of recovery 
likely depending on the rate of regeneration of vegetation, and corresponding food 
resources such as litter and soil invertebrates (Reilly, 1991; Woinarski & Recher, 
1997).  
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6-5-2 Topography modifies the effect of low severity fire 
Topographic position moderated the effect of fire severity for sites less severely burnt 
in the wildfire. Superb lyrebirds use both gullies and slopes regardless of fire; for 
example, they often nest within 50 m of creeklines (Robinson & Frith, 1981), and 
forage on steep slopes (Adamson et al., 1983). Males also use elevated ridges from 
where they sing to male competitors for territorial defence during the breeding season 
(Robinson & Frith, 1981). Here, as expected, superb lyrebirds were detected both in 
gullies and on slopes; but generally they were more frequently recorded in gullies. 
Gullies are less likely to burn in wildfire, probably due to higher moisture levels 
(Leonard et al., 2014a). Higher moisture levels are likely to result in greater 
productivity and provide a more abundant source of litter and soil invertebrates as food 
for superb lyrebirds, than occurs on drier slopes (Robinson & Frith, 1981).  
Patches of vegetation that allow the survival of fauna during or after a fire event, or 
enable persistence or recolonisation of organisms or populations within the fire 
boundary, can be defined as fire refuges (Robinson et al., 2013). Here, unburnt gullies 
contained a higher recording rate of the superb lyrebird than severely burnt gullies and 
understorey burnt slopes, suggesting that unburnt gullies contributed to persistence in 
the early post-fire landscape. Superb lyrebirds have been recorded to use creeks during 
hot weather conditions (Robinson & Frith, 1981), and may migrate to gullies during 
wildfires, potentially enhancing survival of individuals during the fire event (Garvey 
et al., 2010). After the fire, higher levels of moisture in gullies may facilitate a faster 
rate of vegetation recovery than on slopes, and provide more invertebrates for food.  
Severely burnt sites had a lower recording rate of the superb lyrebird, possibly from 
reduced habitat and food resources. The volume of small logs in gullies were reduced 
in sites exposed to severe fire and a short fire history (< 3 years), and there were more 
dead trees in severely burnt gullies within the study area (Bassett et al., 2015), which 
results in less canopy cover, and reduced leaf litter that may also affect invertebrate 
communities (Andrew et al., 2000). Reduced canopy cover and food resources could 
influence the superb lyrebird. 
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This study shows that unburnt forest patches, especially unburnt gullies, are valuable 
for the superb lyrebird at 2-3 years after fire. Unburnt forest stands and gullies may 
have been more important immediately after the fire, possibly enabling in situ survival, 
when the majority of the remaining landscape was burnt and bare of vegetation and 
habitat. It is likely that the superb lyrebird expanded across the landscape, and into 
burnt areas, in the several years after the fire.  
6-5-3 Importance of habitat components for the superb lyrebird after fire 
Habitat components including canopy cover, shrub cover, eucalypt regeneration, and 
canopy, log, litter and shrub covers were predicted to influence the recording rate of 
the superb lyrebird in the post fire environment. Unexpectedly, the only habitat 
component found to influence the superb lyrebird after fire was shrub cover in gullies. 
No habitat components were influential on slopes. In wet and mixed sclerophyll 
eucalypt forest in Victoria, nests that had shown signs of predation by large terrestrial 
mammals were less than 1 m above the ground (Lill, 1980). It is possible that more 
shrub cover (1-2 m) in gullies may provide greater cover and protection from 
predators.  
6-5-4 Implications for conservation and management 
Ecosystem engineers can influence large-scale processes (Jones et al., 1994), and 
animals that disturb soil can help maintain the health of an ecosystem (Eldridge & 
James, 2009). The superb lyrebird is an important ecosystem engineer in these foothill 
forests, and may also contribute to a feedback loop in relation to both vegetation and 
fire. Nugent et al., (2014) proposed that the turnover of soil and leaf litter by superb 
lyrebirds increases the rate of litter decomposition, suppresses vegetation growth and 
promotes bare ground, thereby contributing to a reduction in forest fuels and reduced 
fire hazard (Nugent et al., 2014). Hence, the depletion of the superb lyrebird in burnt 
areas could increase leaf litter accumulation, which may lead to a higher probability 
of wildfire due to more forest fuel (Nugent et al., 2014). This study has highlighted 
the importance of the effects of fire severity and fire history on the superb lyrebird, 
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and inclusion of these components at the site-level in future fire regime studies on 
ecosystem engineers would be valuable. 
Unplanned wildfires and altered fire regimes are likely to affect the distribution and 
abundance of the superb lyrebird. This study shows that unburnt patches of forest and 
gullies are valuable for the superb lyrebird in the immediate post-fire environment. 
Hence, when considering fire management of these forests, preservation of long 
unburnt stands of forest, including moist gullies, will be of value for conserving 
populations of the superb lyrebird. It has previously been suggested that the superb 
lyrebird may benefit either from frequent prescribed burns to prevent the development 
of thick understorey cover, or alternatively to leave the area unburnt and allow the 
understorey to open up over a long fire interval (Woinarski & Recher, 1997). Results 
from this study suggest it is preferable to maintain longer fire intervals rather than 
frequent burning < 3yrs. It is difficult to prevent wildfire under extreme weather 
conditions; however, protection of forested gullies could be considered during active 
forest management and planned burns, as they are less likely to burn than slopes due 
to higher moisture levels (Leonard et al., 2014a). Planned burning on drier slopes 
surrounding gullies can create a firebreak around gullies to give greater protection 
during wildfire. The preservation of unburnt forest and moist gully refuges in a fire-
prone landscape has an additional benefit of protecting other species sensitive to severe 
fire (e.g. arboreal mammals).  
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CHAPTER 7 The influence of wildfire severity and fire 
history on small mammal populations 
 
 
Bush rat (Rattus fuscipes) 
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7-1 Introduction 
Fire modifies the structure and quality of habitats, and creates heterogeneity in the 
landscape, which has indirect consequences for populations of many faunal species in 
fire-prone ecosystems (Fox, 1982; Catling et al., 2001; Whelan et al., 2002; Bradstock 
et al., 2005; Zwolak, 2009). The quality and heterogeneity of habitat in the landscape 
can influence the demography of mammal species, including population size, age 
structure, sex ratio and reproductive rates (Dias, 1996; Diffendorfer, 1998; Lin & 
Batzli, 2001; Banks et al., 2005; Holland & Bennett, 2010). Changes in habitat quality 
or the degradation of habitat can lead to demographic changes by influencing in situ 
survival, dispersal and recolonisation of individuals (Koprowski et al., 2005; Holland 
& Bennett, 2010; Selwood et al., 2015). For example, wildfire reduced food trees in 
tropical rainforest in Sumatra, Indonesia, which increased the mortality of young 
primates (Symphalangus syndactylus) (O'Brien et al., 2003); while in dry eucalypt 
forests in south-eastern Australia fire changes vegetation which influences the 
dispersal and recolonisation of small mammal populations (Recher et al., 2009).  
Large fires and the components of the fire regime are known to influence the suitability 
of habitat for animal species in fire-prone landscapes (Gill & Catling, 2002; Whelan 
et al., 2002; Gill & Allan, 2008); but knowledge of changes to the demography of 
small mammal species after wildfire and effects of fire severity is relatively scarce 
(Banks et al., 2011b). The aim of this study was to determine how fire severity, fire 
history and topographic variation influence the demography of native small mammal 
populations in a post-fire landscape. This study was initiated at the start of my PhD 
research, with the intention of undertaking repeated visits to a set of sites to compare 
demographic parameters of small mammals between sites. It quickly became apparent 
that with low trapping success at many sites (see below) it was unlikely that sufficient 
data would be obtained for meaningful analysis. Consequently, a decision was made 
to invest effort in intensive camera surveys (see Chapters 4,5,6). However, a brief 
account and summary of distributional data from the initial trapping results are 
provided here. Other demographic data (e.g. reproductive status, age classes, body 
weight) are not presented. 
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7-2 Methods 
The study area is located in the foothill eucalypt forests of the Central Highlands, 
Victoria, within the boundary of the Kilmore-Murrindindi wildfire, as described in 
Study area.  
7-2-1 Study design 
In this study, 36 sites were selected within or adjacent to the Kilmore-Murrindindi fire 
complex, stratified in relation to two main attributes: a) fire severity and b) fire history 
(Table 7.1). Fire severity was classified into four categories relevant for small mammal 
species: unburnt patches (within the fire boundary), understorey-only burnt, severely 
burnt (crown scorch or crown burn), and unburnt reference sites. Unburnt reference 
sites were located outside, but within 2 km of, the fire boundary. Fire history describes 
whether a site was burnt prior to the 2009 wildfire, and was grouped into two 
categories: burnt < 3 years (‘short’) or > 20 years (‘long’) before the wildfire. All sites 
were approximately 5 ha in size, had a consistent fire history and severity, and included 
a separate gully and slope (~100 m apart).  
Table 7.1 Number of sites surveyed for small mammal species, stratified by fire 
severity and fire history. 
Fire Severity Fire History  
Long unburnt > 20 
years 
Short < 3 years Total 
Unburnt 5 5 10 
Understorey burnt 5 5 10 
Severely burnt 5 5 9 
Reference 4 2 6 
Total 19 17 36 
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7-2-2 Sampling method 
Live-trapping was conducted once per site during the spring-summer (October-
January) of 2010-2011. Two x 200 m transects were established along a gully and 
slope (approximately 100 m apart), respectively, at each site. Twenty aluminium box 
traps (Elliot type A trap 33 x 10 x 10 cm) were placed along each transect, spaced at 
~ 10 m intervals. A standard bait of peanut butter, honey and oats was placed inside 
each trap, along with cotton wadding for insulation; and a plastic bag (open at one end) 
covered the trap for weather proofing. Traps were set before dusk, checked the next 
morning, and reset at dusk on the same day. Trapping was conducted over three 
consecutive nights at each site. 
Mammals that were captured were identified to species, and their weight, sex, and 
reproductive status were recorded. A small mark (of nail polish) was placed on the tail 
to distinguish re-captures, and all animals were released at the site of capture. 
7-3 Results 
7-3-1 Summary of captures 
Small mammals were surveyed over a total of 4320 trap nights in 2010-2011, at 1.5-2 
years after wildfire. A total of 110 individuals from four species was captured across 
the 36 sites (combining both gully and slope transects), resulting in a relatively low 
capture rate of 2.6% (2.6 captures per 100 trap nights) (Table 7.2). The four species 
detected included three native species: agile antechinus (Antechinus agilis), dusky 
antechinus (A. swainsonii), bush rat (Rattus fuscipes), and one introduced species, the 
house mouse (Mus musculus).  
The proportion of sites at which each species was present varied (Table 7.2). The bush 
rat and agile antechinus were present at a higher proportion of sites in the post-fire 
landscape (> 40%) than the dusky antechinus and house mouse (< 10%) (Table 7.2). 
The largest number of individuals captured was for the bush rat, followed by the agile 
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antechinus. Only three individuals of the house mouse were recorded, all at burnt sites 
with a long fire history: two of these were on understorey burnt slopes, while the third 
individual was detected in a crown-burnt gully site. The single dusky antechinus, a 
female, was caught in an unburnt gully site with a long fire history (burnt > 20 years 
before 2009) (Table 7.2). Overall, more females were captured than males for all 
species except for the bush rat (Table 7.2). 
Table 7.2 Proportion of sites, and total numbers of females, males, and individuals 
captured for all species at 1.5-2 years after wildfire.  
Species  Proportion of sites at 
which captured (%) 
Females Males Total number 
of individuals 
Antechinus agilis 44 33 2 35 
Rattus fuscipes 42 20 51 71 
Antechinus swainsonii 3 1 0 1 
Mus musculus 8 2 1 3 
 
7-3-2 Topography, fire severity and fire history 
The numbers of captures were too few for detailed analyses, but the following provides 
a brief summary of the data.  
The number of captures varied in relation to topographic location for the agile 
antechinus and bush rat: a higher number of individuals were captured in gullies than 
on slopes for both species (Figure 7.1). Gullies contained higher numbers of 
individuals than slopes for both species across all severity classes, with the exception 
of unburnt gullies and slopes where equal numbers of agile antechinus were captured 
(Table 7.3).  
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Figure 7.1 Total number of individuals captured in different topographic locations 
for the agile antechinus (A. agilis) and bush rat (R. fuscipes). Data are pooled across all 
sites. 
Table 7.3 Total number of individuals of the agile antechinus and bush rat captured 
in different topographic locations and in different levels of fire severity. 
 Topography Unburnt Understorey 
burnt 
Severely 
burnt 
Reference Total 
Antechinus agilis Gully 7 8 4 2 21 
Slope 7 4 3 0 14 
Rattus fuscipes Gully  23 5 24 12 64 
Slope 0 0 7 0 7 
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The agile antechinus was present in all fire severity classes, with the lowest capture 
rate (individuals per site) in reference sites outside of the fire boundary and in severely 
burnt sites. Capture success in understorey burnt sites was similar to that in unburnt 
sites (Figure 7.2). Interestingly, the two male antechinus were captured only in sites 
with an understorey burn severity (Figure 7.2). 
 
Figure 7.2 Mean number of individuals of the agile antechinus (A. agilis) captured 
across fire severity classes for gullies and slopes pooled: a) mean number of individuals 
(males and females combined) per site (SE), and b) raw numbers of males and females. 
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The bush rat was also captured in every level of fire severity. Severely burnt sites 
appeared to have the highest capture rates of bush rats, whilst sites with an 
understorey-burn contained less captures (Figure 7.3). This trend appeared to be 
similar for both males and females (Figure 7.3). 
 
Figure 7.3 Mean number of individual bush rats (R. fuscipes) captured per site (gully 
and slopes pooled, (SE) in different fire severity classes for a) combined males and 
females, b) males, and c) females. 
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The agile antechinus and bush rat were present at sites in both classes of fire history, 
across all classes of fire severity within the fire boundary (except for reference sites 
where no agile antechinus were captured; Table 7.4).  
Table 7.4 Total number of individual agile antechinus and bush rats captured at 
sites with different fire severities (unburnt, understorey-burnt, severely burnt, 
reference) and fire histories (long > 20 years, short < 3 years). 
Fire severity and history Antechinus agilis Rattus fuscipes Total number of 
sites surveyed 
Unburnt Long 9 23 5 
Unburnt Short 5 0 5 
Understorey Long 3 5 5 
Understorey Short 9 0 5 
Severe Long 11 19 5 
Severe Short 6 12 5 
Reference Long 0 3 4 
Reference Short 0 9 2 
 
7-4 Discussion 
The relatively low number of captures of individuals at each site in this first trapping 
round suggested that it would be difficult and excessively time consuming to collect 
sufficient data to be able to undertake meaningful analyses of demographic parameters 
between treatments (e.g. reproductive condition, sex ratio, age classes, population 
density, body weights). Consequently, a decision was made to conduct a broad-scale 
study examining the effects of fire severity and fire history on distributional patterns, 
by using remote camera traps across the fire-affected landscape. This study and 
subsequent findings can be found in Chapter 4. 
The results from this collation of initial trapping data indicate that topographic 
location, fire severity, and possibly fire history may be influencing population size of 
the bush rat at 1.5-2 years after wildfire. The trends from the raw data suggest that 
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moist gullies and severely burnt sites may contain higher density of the bush rat than 
slopes and unburnt sites in the early post-fire environment. This may be due to gullies 
being less likely to burn in severe fire (Leonard et al., 2014a), and rodents can recover 
quickly in moist areas after fire, possibly from greater shelter and cover (Newsome et 
al., 1975; Banks et al., 2011b). Interestingly, understorey sites and those with a recent 
fire history appeared to contain less numbers of the bush rat than unburnt sites, 
possibly because there was less rapid regeneration of vegetation as habitat at these 
sites.  
Agile antechinus could be susceptible to fire because they have an unusual life history, 
where mating is synchronised during two-three weeks of the year from mid-August to 
late September, followed by the death of all males in the population (Strahan, 1995; 
Menkhorst & Knight, 2001). Young males disperse after they are weaned and only 
live for one year, whilst females remain within natal areas and survive for 1-2 years 
(Cockburn et al., 1985). Only two male agile antechinus were captured in this study; 
these are likely to have dispersed away from natal sites as the offspring after the fire. 
The captured females were likely to be ~1-2 years old, that have stayed within their 
natal range, and those present on burnt sites could indicate in situ survival, similar to 
the survival at sites of agile antechinus and bush rats in the nearby wet montane forests 
after the same wildfire (Banks et al., 2011b). 
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8-1 Introduction 
Large fires and fire regime components have substantial impacts on ecosystems and 
on the distribution and abundance of biota globally (Bond & Keeley, 2005; Bowman 
et al., 2013). Fire regimes are projected to change in fire-prone regions due to climate 
change, which could threaten biodiversity in ecosystems around the world (Shlisky et 
al., 2007; Moritz et al., 2012). Despite this threat, few studies have examined the 
effects of large fires, fire regime components and landscape heterogeneity on the 
distribution of native and introduced fauna in fire-prone landscapes. In this thesis, I 
endeavoured to gain an understanding of how large fires, fire regime components and 
landscape heterogeneity influence the occurrence of forest fauna in the foothill 
eucalypt forests of south-eastern Australia, one of the most fire-prone regions in the 
world (Adams & Attiwill, 2011). The study had two key objectives: 
i) To determine the effects of fire severity and fire history on forest fauna at the site-
level, and 
ii) To investigate the influence of fire-created heterogeneity on forest fauna at the 
landscape-level. 
These objectives were examined in relation to the distribution and abundance of four 
groups of forest fauna: arboreal mammals, terrestrial native mammals, terrestrial 
introduced mammals, and an ecosystem engineer, the superb lyrebird. The key 
objectives and main findings from each component of the study are summarised in 
Table 8.1 and discussed below. 
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Table 8.1 Outline of the key objectives and main findings of each component of this study. 
Chapter/Faunal 
group 
Spatial scale Objectives Main findings 
Chapter 3:  
Arboreal 
mammals 
 
Site-level 1. Determine the effects of 
topography on arboreal mammals, 
and, 
2. Test the relative influence of 
wildfire severity and fire history. 
 
1. Topography influenced the abundance of arboreal mammals: higher 
numbers of mammals (all six species combined) were recorded in moist 
gullies than on slopes. 
2. Fire severity influenced the abundance of arboreal mammals (all species 
combined), and the number of greater gliders: unburnt patches of forest 
contained higher numbers of mammals than severely burnt sites. 
3. Mesic forested gullies and patches of unburnt or less severely burnt 
patches of vegetation are facilitating persistence of arboreal mammals at 
2-3 years after wildfire.  
Landscape-level 1. Investigate the influence of 
landscape context for sites in 
severely-burnt forest with different 
levels of spatial isolation from 
unburnt forest. 
1. Spatial isolation influenced the overall abundance of arboreal mammals 
in severely burnt sites: higher numbers of arboreal mammals (all four 
species combined), and greater gliders were detected in sites surrounded 
by more unburnt and less-severely burnt forest. 
2. Unburnt or less-severely burnt areas are contributing as source areas in 
the severely burnt landscape, assisting recolonization and recovery of 
arboreal mammals in the post-fire environment.  
Chapter 4: 
Terrestrial 
native mammals 
Site-level vs 
landscape-level 
1. Test the relative influence on the 
distribution of species in the post-
fire landscape of: 
a)  wildfire severity and fire history at 
the site level, and 
b) the amount of unburnt forest and 
heterogeneity of fire severity 
within the surrounding landscape. 
1. Fire severity was the most influential variable. 
2. Different species responded to fire severity in different ways. 
3. Fire history had minimal influence on species. 
4. Fire-related heterogeneity at the landscape-level did not influence the 
occurrence of species. 
5. Mammal species were widespread across the landscape and appear to be 
recovering in response to rapid regeneration of vegetation after drought-
breaking rains. 
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Chapter 5: 
Terrestrial 
introduced 
mammals  
Site-level vs 
landscape-level 
1. Determine the relative influence of: 
a)  wildfire severity and fire history at 
the site level, and 
b) the area of unburnt forest and 
heterogeneity of fire severity in the 
surrounding landscape at the 
landscape level. 
1. Four species of introduced species (black rat, house mouse, red fox, feral 
cat) had a widespread occurrence at 2-3 years after fire. 
2. The black rat was the only species to be positively influenced by fire 
severity: higher recording rates at severely burnt sites. 
3. There was limited effects of wildfire severity, fire history and landscape 
variables at both the site-level and landscape-level on the occurrence of 
the remaining three introduced species. 
Site level 2. Examine the influence of 
topographic location (gully/slope). 
3. Identify any associations in 
occurrence between introduced and 
native mammal species based on 
potential ecological interactions 
(e.g. predation, competition). 
1. The black rat was the only species to be influenced by topographic 
location, favouring gullies. 
2. There was limited evidence for the occurrence of the house mouse, red 
fox and feral cat to differ between topographic positions.  
3. There were few correlations between the spatial distribution of 
introduced and native mammal species: 
a. The introduced feral cat was negatively correlated with the native agile   
antechinus,      
b. The introduced house mouse was negatively associated with the reporting 
rate of the native bush rat. 
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Chapter 6:  
Superb lyrebird, 
an ecosystem 
engineer 
Site level vs 
landscape level 
1. Determine the relative effects of: 
a. wildfire severity and fire history 
at the site-level, and  
b. the amount of surrounding 
unburnt forest and fire 
heterogeneity at the landscape-
level. 
1. Wildfire severity and fire history influenced the occurrence of the superb 
lyrebird at the site-level.  
a. Unburnt forest sites had higher recording rates than either understorey-
burnt or severely burnt sites.  
b. Within burnt sites, the recording rate was lower at sites with a short 
fire history (< 3 years before 2009) than those with a longer fire history 
(> 20 years), and this effect was larger at severely burnt sites. 
Site level 2. Test whether topographic variation 
(gully/slope) modifies the influence 
of fire severity.  
3. Examine the effect of habitat 
components in different 
topographic locations. 
1. Topography moderated the effect of fire severity: unburnt gullies 
contained higher recording rates than both understorey-burnt slopes and 
severely burnt gullies, and slopes at reference sites (unburnt outside the 
fire boundary). 
2. Shrub cover (1-2 m) was the only measured habitat component to 
influence the superb lyrebird: the recording rate increased with increasing 
shrub cover. 
3. Unburnt forest and mesic gullies provide valuable habitat for the superb 
lyrebird at 2-3 years after wildfire. 
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8-2 Main findings 
8-2-1 Effects of fire regime components and landscape heterogeneity on 
arboreal mammals 
The effects of fire on faunal species and communities have not been studied as 
extensively as for plant communities (Bradstock et al., 2002; Clarke, 2008; Driscoll et 
al., 2010). In particular, the response of arboreal mammal species to fire have received 
less attention than other species of mammal, most likely due to their cryptic and 
arboreal nature. Based on previous studies in the wet montane forests of the Central 
Highlands, Victoria and the dry forests of coastal NSW (Newsome et al., 1975; 
Lunney, 1987; Catling et al., 2001; Banks et al., 2011a; Collins, 2012; Lindenmayer 
et al., 2013; Berry et al., 2015a), arboreal mammals in this study were expected to be 
detrimentally influenced by fire. However, no previous studies have examined the 
effects of fire severity, fire history, and spatial heterogeneity on arboreal mammals in 
foothill forests. 
Both fire regime components and landscape heterogeneity influenced the occurrence 
of arboreal mammals (Chapter 3; see Table 8.1 above). At the site level, arboreal 
mammal species were influenced by both topography and wildfire severity. First, 
mesic gullies contained a higher abundance of arboreal mammals (total number of all 
species combined) than slopes. Moist gullies are less likely to burn in severe fire 
(Leonard et al., 2014a), and hence can maintain structural complexity (e.g. hollow 
bearing trees) that are suitable habitat for arboreal mammals. Second, wildfire severity 
influenced the abundance of arboreal mammals at 2.5 years after fire: fewer 
individuals (all species combined and the greater glider) were recorded in severely 
burnt sites compared with unburnt sites. Consistent with predictions, the number of 
greater glider also increased at sites with more large trees; large trees are an important 
habitat resource for arboreal mammals (Gibbons & Lindenmayer, 1997). Third, the 
landscape context influenced the abundance of both arboreal mammals (all species 
combined) and the number of greater glider at 3.5 years after fire. Higher numbers 
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were found at severely burnt sites surrounded by more unburnt and less-severely burnt 
(understorey-only burnt) forest.  
The few unburnt areas of forest (< 1 % of total region; Leonard et al., 2014a) and forest 
gullies likely were important contributors to in situ survival during or immediately 
after the fire event. In contrast, areas burnt with high intensity fire is likely to have 
caused mortality of arboreal mammals (e.g. Koprowski et al., 2006; Lunney et al., 
2007). Later, at the time of these surveys, unburnt areas appear to be enhancing the 
persistence of arboreal mammal populations within the burnt landscape, possibly due 
to greater availability of habitat components that provide food (e.g. canopy foliage), 
protection from predators, and shelter (such as tree hollows) (Catling et al., 2001; van 
der Ree & Loyn, 2002; Lindenmayer et al., 2013). For example, the number of dead 
trees was higher in severely burnt gullies within the study area (Bassett et al., 2015), 
suggesting that high intensity fire reduces habitat resources (e.g. live trees) for arboreal 
mammals. Unburnt areas together with less-severely burnt areas also appear to be 
sources for the recolonisation of severely burnt forest by arboreal mammals. However, 
post-fire recovery of arboreal mammals is not complete: few mammals were recorded 
in severely burnt sites, even with re-sprouting canopies at 2.5 years after fire. The rate 
of recolonisation is likely to depend on the rate of forest regeneration and the ability 
of species to use the burnt habitat (Fox, 1982).  
Collectively, these findings show that mesic gullies and patches of unburnt forest are 
assisting in both the persistence and recolonisation of arboreal mammal populations at 
2-3 years after severe wildfire. Fire refuges are those habitats that enable the survival 
and persistence of individuals and populations, and can contribute to the re-
establishment of populations in post-fire landscapes (Robinson et al., 2013). Hence, 
unburnt areas and gullies are acting as refuge habitat for arboreal mammals in the post-
fire environment. 
Overall, the number of observations of arboreal mammals at many sites was relatively 
low, despite an intensive survey effort. This meant that it was not possible to analyse 
the response of each species individually. Additional survey effort, or the use of a 
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combination of survey techniques, could result in a larger data set with more power to 
detect patterns of occurrence. For example, thermal imaging cameras that detect heat 
signatures can be used in conjunction with spotlighting because they can detect fast 
moving animals that may otherwise be hidden by dense vegetation (Lumsden et al., 
2013), resulting in higher detection rates than spotlighting alone (Focardi et al., 2001). 
Detection rates can also increase when thermal cameras are used together with call 
playback techniques for suitable species e.g. yellow bellied glider (Lumsden et al., 
2013). However, thermal cameras are expensive and were not available for this work. 
8-2-2 Influence of fire severity, fire history and landscape context on 
terrestrial native mammals 
Terrestrial or ground-dwelling native mammals are some of the better understood 
faunal species in relation to fire in Australia (e.g. Lunney et al., 1987; Sutherland & 
Dickman, 1999; Catling et al., 2001; Fox et al., 2003; Woinarski et al., 2004; Recher 
et al., 2009; Letnic & Dickman, 2010; Di Stefano et al., 2011; Arthur et al., 2012; 
Griffiths & Brook, 2014). Most such studies conducted in forests have investigated the 
response of mammals at the site-level in dry sclerophyll forests of south-eastern 
Australia, with the majority focused on the response of species to time since fire or 
successional changes in post-fire habitat (Fox, 1982; Lunney et al., 1987; Catling et 
al., 2001; Recher et al., 2009; Arthur et al., 2012). Less attention has been given to the 
relative influence of different fire regime components or the landscape heterogeneity 
surrounding a site.  
I investigated the effects of wildfire on terrestrial native mammal species at both the 
site and landscape level (Chapter 4; Table 8.1). Thirteen mammal species were 
detected, and eight of these were examined further (with sufficient data to analyse). 
Seven out of eight species were widespread and present in every level of fire severity 
(unburnt, understorey-burnt, severely burnt, reference) in the post-fire landscape. Fire 
severity was the most influential variable on mammal species at the site-level, although 
these effects were not strong at 2-3 years after fire. Terrestrial species are influenced 
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by the changes in habitat caused by fire, and how this influences the resources they 
need for food and shelter (Fox, 1982; Whelan et al., 2002).  
Species responded to fire severity in different ways, likely due to different habitat 
requirements or preferences after fire (Fox, 1982; Keith et al., 2002; Diffendorfer et 
al., 2012). For example, the bush rat responded positively to fire severity, probably in 
response to complex vegetation structure provided by dense re-generation at severely 
burnt sites. The varying response of individual species to burn severity is consistent 
with the findings of studies on different taxa, such as on forest birds within the same 
study area (Robinson et al., 2014), arboreal mammals in the wet montane forests of 
Victoria (Lindenmayer et al., 2013), and research on birds, small mammals, and bats 
in the forests of north America (Kotliar et al., 2007; Fontaine & Kennedy, 2012; 
Buchalski et al., 2013). Hence the ecological requirements of individual species need 
to be considered in developing fire management plans for biodiversity conservation. 
The apparent tolerance of terrestrial mammals to fire severity and a short fire history 
at the time of survey appears to be strongly influenced by the response to rapid and 
dense regeneration of vegetation at the ground level (see below), and is in contrast 
with the initial post-fire environment. High mortality of native mammals is likely 
during or immediately after the wildfire (Recher et al., 1975a; Whelan et al., 2002) in 
areas of high severely burnt areas where the forest vegetation was burnt, open and 
bare, but this study was not designed to detect this. In fact, very low numbers of small 
mammal species were recorded at 1.5-2 years fire in burnt sites (Chapter 7), which 
suggests that populations were severely reduced. Terrestrial native mammals that 
survived the fire front could use alternative refuges that avoid burning (e.g. wombat 
burrows, moist streams) (Recher et al., 1975b; Whelan et al., 2002; Bradstock et al., 
2005) allowing in situ survival, or they may be able to better escape the fire event due 
to mobility (e.g. swamp wallabies; Keith et al., 2002; Garvey et al., 2010). In the 
immediate post-fire environment, herbivores such as the common wombat, swamp 
wallaby and eastern grey kangaroo, prefer to graze on re-sprouting grasses and shrubs 
in burnt areas (Gill & Catling, 2002; Murphy & Bowman, 2007). At 2-3 years after 
fire, the vegetation changed to a dense understorey of eucalypts and shrubs, and 
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resprouting of the canopy, which has appeared to reduce the effects of fire on native 
mammals.  
In contrast with the response of arboreal mammals, the occurrence of native terrestrial 
species was not dependent on the proximity or extent of unburned forest. Thus, there 
was no evidence that, at 2-3 years post-fire, unburned forest was serving as a refuge to 
enhance the colonization or persistence of species in areas burned in the wildfire. The 
lack of effects from fire patterns at the landscape level indicates either in situ survival 
of sufficient individuals to recolonise internally, or rapid response and recolonisation 
associated with rapid recovery of vegetation across the landscape. Terrestrial 
mammals may be less influenced by isolation of unburnt sites than arboreal mammals 
because they can use a broader range of habitats, such as they are not restricted to the 
canopy which is substantially depleted by crown fires, or are more mobile which 
enables easier recolonisation (e.g. eastern grey kangaroo) (Keith et al., 2002). 
Likewise, bird species richness and abundance were not influenced by landscape 
effects of fire in the same study area (Robinson, 2014), possibly because they are more 
mobile than arboreal mammal species.  
The results from this study indicate that native mammal species are recovering at 2-3 
years after a major wildfire, most likely in response to rapid regeneration of vegetation 
at ground and shrub layers after drought-breaking rains (Figs 8.1 and 8.2). These 
results are consistent with the habitat accommodation model proposed by Fox, (1982), 
in which mammal species undergo secondary succession after fire, and respond to 
changes in vegetation as part of plant succession after fire. Species enter the succession 
when their habitat requirements are met, depending upon the regeneration time of 
vegetation (Fox, 1982). The rapid recovery of structurally complex vegetation in less 
than three years provides food resources, physical shelter, and cover to facilitate 
dispersal and recolonisation through what was a bare, charred landscape immediately 
post-fire (Figs 8.1 and 8.2). Understanding changes in the interactions between native 
species after fire at different stages in the post-fire succession would be valuable, but 
we were not able to asses this here. If the drought had continued well beyond the time 
of the wildfire, I would expect fire severity, fire history, and landscape context to have 
had a much stronger influence on species.  
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Photos: Immediately after wildfire - Department of Environment, Land, Water and Planning. 2.5 years 
after fire - Natasha Robinson. 
Figure 8.1 Examples of understorey burnt forest slopes and gullies (different sites) 
showing a) burnt vegetation and bare ground immediately after the 2009 wildfires, and 
b) regenerating vegetation 2.5 years after wildfire at the time of surveys.  
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Photos: Immediately after wildfire - Department of Environment, Land, Water and Planning. 2.5 years 
after fire - Natasha Robinson. 
Figure 8.2 Examples of severely burnt forest slopes and gullies (different sites) 
showing a) burnt vegetation and bare ground immediately after the 2009 wildfires, and 
b) dense regenerating vegetation 2.5 years after wildfire at the time of surveys.  
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Camera trapping was an appropriate method to gain an understanding of the broad 
scale effects of fire on the distributional patterns of a wide range of mammal species. 
If time or economic factors were not a constraint, camera traps could be set for a longer 
period of time (e.g. 21 days) to increase detections of less common species (e.g. dusky 
antechinus) and rare species (e.g. smoky mouse). In addition, I attempted to understand 
how demographic processes of small mammal populations were influenced by fire 
regime components by live capture (Chapter 7). However, trap success of small 
mammals was low at 2.6% (2.6 captures per 100 trap nights), over 4320 trap nights. 
Hence, a decision was made to invest in conducting broad-scale camera traps surveys. 
If live capture surveys were attempted in the future, ideally it would be conducted over 
multiple sessions over 1-2 years, as well as at further points in the post-fire succession 
to uncover demographic change.  
8-2-3 Impact of fire and spatial variability on introduced mammals 
Introduced species are considered to be one of the largest threats to biodiversity in the 
world, because they can lead to native species declines or extinctions (Vitousek et al., 
1997b; Woinarski et al., 2015). Fire changes ecosystems, which gives introduced 
species a chance to colonise the disturbed environment, or allows existing populations 
to increase in population size and expand their distribution (Mack et al., 2000; Doherty 
et al., 2015). However, the impacts of fire on the distribution and abundance of 
introduced mammal species across large spatial regions is largely unknown.  
I investigated the occurrence of introduced mammal species in foothill forests in 
relation to fire regime components and landscape context and found limited influence 
of these variables on the distribution of these species (Chapter 5; Table 8.1). Six 
species of introduced mammal were detected via camera surveys. Four species, the 
black rat, house mouse, red fox and feral cat, were detected with sufficient records to 
analyse further. These four species were present in all fire severity classes (unburnt, 
understorey-burnt, and severely burnt forest sites) in the landscape at 2-3 years post 
fire. With the exception of the black rat, that was positively influenced by fire severity 
and topographic location, the occurrence of the remaining three species was not 
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influenced by fire regime components at either the site or landscape-level, nor by 
topographic position of gully or slope.  
The widespread occurrence of introduced species after fire can be attributed to their 
ability to adapt to a wide range of habitats, such as by having generalised diets (e.g. 
house mouse); and their mobility (e.g. red fox) (Newsome et al., 1975; Fox, 1982). 
Predators, although native, in the chaparral habitats of California, USA, also were not 
influenced by fire most likely because they are foraging and habitat generalists 
(Schuette et al., 2014). Similarly, other studies have recorded the house mouse to 
occupy the post-fire landscape, being a short-term early colonizer of burnt vegetation, 
and reaching high abundances at 1-2 years after fire (Fox & McKay, 1981; Fox, 1982; 
Catling, 1991; Recher et al., 2009; Kelly et al., 2010). Other studies have shown 
introduced foxes and cats to be similarly persistent in the early post-fire environment 
(e.g. Newsome et al., 1975; Catling et al., 2001; Arthur et al., 2012; Payne et al., 
2014). For instance, in dry sclerophyll forest, NSW, fox abundances were associated 
with habitat cover after fire, whilst cat abundance increased after fire, possibly from 
an increase in densities prey species of bandicoot which increased with shrub cover 
(Arthur et al., 2012).  
The occurrence of introduced species across the landscape at 2-3 years post fire, is 
likely to have a range of impacts on native species. For example, introduced predators 
are known to be advantaged in burnt areas where movement is less impeded and where 
there is less cover and refuge for native prey species: such predation pressure can result 
in a high level of mortality for individuals that survive fire (e.g. brush-tailed bettong 
in eucalypt forests, Australia (Christensen, 1995), and cotton mice in pine forests, 
Georgia, USA (Conner et al., 2011). Predation pressure can also prevent population 
growth of native prey species and reduce species richness (e.g. small mammals in 
Mediterranean forests, Spain (Torre & Diaz, 2004), as well as restrict native species 
to localized areas (Sutherland & Dickman, 1999; Robinson et al., 2013; McGregor et 
al., 2014).  
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Competition from introduced species may also impact on native species after fire by 
causing native species to shift habitat or reduce population size (Sutherland & 
Dickman, 1999). For example, the black rat is a competitive threat to the native bush 
rat because it can cause spatial avoidance of the bush rat, and reduce the population 
size by negatively affecting survival, breeding success, and recruitment of young 
(Stokes et al., 2009b); these effects may be amplified after fire.  
Introduced species can also negatively affect plant species in the post-fire 
environment. For example, the sambar deer increased in abundance in the study area 
after the 2009 fires (Forsyth et al., 2012), which has implications for the threatened 
plant species (Nematolepis wilsonii) that suffers reduced health and foliage cover from 
damage caused by deer rubbing against the side of trunks and by the thrashing of 
saplings (Bennett & Coulson, 2010). These types of negative effects of introduced 
species on native populations can be exacerbated by fire, potentially posing a threat to 
native species and loss of biodiversity in ecosystems (Arthur et al., 2012; Doherty et 
al., 2015). 
There were few significant correlative relationships between the spatial pattern of 
occurrence of introduced and native species. The negative correlation between the 
house mouse and bush rat is consistent with other studies (Catling & Newsome, 1981; 
Fox, 1982) indicating that introduced rodents are scarce or absent where populations 
of native rodents are present. However, correlative associations do not provide a strong 
basis for identifying causal mechanisms. A stronger approach would be to carry out 
experimental manipulations of species (e.g. Dexter & Murray, 2009; Moseby et al., 
2009; Claridge et al., 2010; Salo et al., 2010; Kovacs et al., 2012), in combination 
with the effects of fire, to better understand ecological interactions, such as predation 
and competition, between introduced and native species, and fire e.g. (Morris et al., 
2011). The scale at which the interaction may occur between species (e.g. resource 
use) is also an important consideration (Edelman et al., 2009). 
Even though camera trap surveys are effective at detecting mammal species (both 
native and introduced species of different sizes (Vine et al., 2009; De Bondi et al., 
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2010; Paull et al., 2012; Swan et al., 2015), the effects of fire on the distribution of 
several introduced species could not be modelled due to few records or low detection 
rates (e.g. sambar deer). Greater duration of camera surveys or repeated surveys would 
increase records and detection rates of cryptic species. If sufficient data is available, it 
is possible to test for species interactions in time between introduced and native 
mammal species by examining the times when different species were active (Ridout 
& Linkie, 2009; Fancourt et al., 2015; Farris et al., 2015). Studies that examine 
temporal variation in the activity of introduced species can help to understand their 
distribution in the landscape (Moseby et al., 2009; Carter et al., 2012).  
8-2-4 Impacts of the fire regime on an ecosystem engineer, the superb 
lyrebird 
Ecosystem engineers alter the structure of habitats in ways that influence the 
distribution and abundance of other organisms (Jones et al., 1994; Lawton, 1994). The 
superb lyrebird is considered an important ecosystem engineer in the forests of south-
eastern Australia, because its foraging activity on the forest floor substantially 
influences habitats for other species, it manipulates forest fuel for fires, and influences 
ecological processes such as nutrient cycling (Adamson et al., 1983; Ashton & Bassett, 
1997; Eldridge & James, 2009; Nugent et al., 2014).  
There were three main findings from this study of the influence of the fire regime and 
landscape heterogeneity on the superb lyrebird (Chapter 6; Table 8.1). First, both fire 
severity and fire history influenced the occurrence of the superb lyrebird in foothill 
forests after wildfire. It was recorded less frequently in burnt forest (including both 
understorey burnt and severely burnt fire severity classes) at 2-3 years after wildfire; 
and for sites burnt in 2009, it was less frequent at those with a short fire history< 3 
years) compared to a long history (> 20 years). Second, topographic location 
influenced the effect of fire severity on the superb lyrebird, with gullies generally 
having a higher recording rate than slopes. Third, contrary to expectations, the 
measured habitat components at gully and slope sites were not significantly associated 
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with the occurrence of the superb lyrebird after wildfire, with the exception of shrub 
cover (< 2 m).  
The relationship of the superb lyrebird with fire severity and fire intervals could be 
caused by three mechanisms. First, a higher level of mortality may have occurred in 
areas of forest exposed to high intensity fire (Recher et al., 1975a; Whelan et al., 2002). 
Second, the dense regeneration of vegetation in the post-fire environment likely 
creates an unsuitable environment for this species. The superb lyrebird requires forest 
habitat with a relatively open understorey for foraging, building mounds and nesting 
(Reilly, 1970; Lill, 1980; Robinson & Frith, 1981; Ashton & Bassett, 1997), and the 
dense regeneration of vegetation after the drought-breaking rains could act as a barrier 
for this species and restrict foraging and nesting (Woinarski & Recher, 1997; Nugent 
et al., 2014). 
Third, repeated fires within short fire intervals has consequences for food resources. 
Frequent fires reduces leaf litter and depletes food resources for the lyrebird, such as 
leaf litter invertebrates, due to decreased moisture levels and simplified structure 
(York, 1999; New et al., 2010). In foothill forests, at 0-2 years after fire, there is 
normally little leaf litter, and it can take 10-40 years after fire for a deep leaf litter layer 
to accumulate and re-establish (Cheal, 2010). Therefore, short fire intervals reduce leaf 
litter, and in turn cause a reduction in food resources for this species. Robinson et al., 
(2014) also suggested that unburnt patches with long time since fire are valuable for 
the superb lyrebird, because they contain greater food sources of leaf litter 
invertebrates than burnt patches, in the same region.  
As for arboreal mammals, unburnt forest areas and gullies may have enabled in situ 
survival of the superb lyrebird, and persistence after the fire by providing more suitable 
habitat and greater abundance of food resources than burnt areas (e.g. more open 
understorey than severely burnt sites). In addition, the foraging activity of the superb 
lyrebird can reduce the amount of forest fuel and connectivity, which reduces the 
possibility of fire in these forests (Nugent et al., 2014). These patches of unburnt 
vegetation are likely to assist in the recovery of the superb lyrebird if they remain 
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unburnt for longer fire intervals, and the activity of this species may also be able to 
reduce the flammability of forest patches (Nugent et al., 2014).  
8-3 Implications for management and conservation of fauna in 
foothill forests  
Large wildfires are inevitable in the forests of south-eastern Australia (Bradstock, 
2008; Adams & Attiwill, 2011), and the inherent variation in fire severity associated 
with such fires creates spatial patterns in the forest vegetation and heterogeneity in the 
landscape (Schoennagel et al., 2008; Roman-Cuesta et al., 2009; Leonard et al., 
2014a). Fire regime components and landscape heterogeneity arising from fire 
influence the biota in this and in other fire-prone regions (Whelan et al., 2002; 
Bradstock et al., 2005; Gill & Allan, 2008). Ecological knowledge of the effects of 
fire on faunal species can be used for biodiversity conservation, and for management 
of fire in such fire-prone regions. I outline some key suggestions to be considered 
during the development of fire management plans for biodiversity conservation in 
foothill forests, Victoria, south-eastern Australia.  
Fire severity was the most influential driver of mammal species occurrence in the early 
post-wildfire in foothill forests, but species responses varied. This implies that there is 
not a single ‘ideal’ burn severity that is suitable for all species. Hence, when using fire 
for ecological purposes, a spatial mosaic of differing levels of fire severity – including 
unburned patches – is most likely to provide for the diverse requirements of species. 
Hence, these results support the ecological theory that pyrodiversity, planned burning 
that results in a variety of habitats in space and time, will help the persistence of 
multiple species in the landscape (Bradstock et al., 2005; Parr & Andersen, 2006). The 
spatial pattern of fire mosaics that are more, or less, suitable for biota is a current area 
of research (Pastro et al., 2011; Kelly et al., 2012; Taylor et al., 2012; Di Stefano et 
al., 2013; Nimmo et al., 2013; Sitters et al., 2014). Where there are individual species 
that are known to be rare or threatened, or fire-sensitive, these need to be given priority 
during the development of fire management plans for large regions.  
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Fire management that aims to reduce severe fires often involves fire suppression and 
fuel treatment. Reduction of fuel loads can include thinning, clearing and planned 
burning (Penman et al., 2015). In Australia, planned burning is one management tool 
that is commonly used to reduce fuel loads and hence ameliorate the likely effects of 
wildfire on biodiversity (Pasch & Koprowski, 2011; McCaw, 2013; Murphy et al., 
2015; Penman et al., 2011). Planned burning can be used strategically to protect habitat 
for species that are negatively affected by wildfire, such as for arboreal mammals and 
the superb lyrebird in foothill forests. Here, unburnt patches of forest and mesic gullies 
assisted the persistence and recolonisation of arboreal mammals. Planning burning 
could be used to protect or create such refuge habitat against future wildfires by 
strategically reducing fuel loads adjacent to areas known to be valuable for faunal 
groups (Robinson et al., 2013). Such areas include mesic gullies and drainage lines 
that are less likely to burn (Bradstock et al., 2010; Leonard et al., 2014a), and mature 
forest stands with a high density of large or hollow-bearing trees (Gibbons & 
Lindenmayer, 1997; Koch et al., 2008; Koch et al., 2009; Goldingay, 2012; 
Lindenmayer et al., 2013).  
Planned burns, by reducing fuel loads, can reduce the intensity of wildfire in foothill 
forests for up to 5-10 years (Price & Bradstock, 2012), and reducing the amount of 
area that is severely burnt is likely to be of benefit for mammal species which are 
negatively affected by high fire severity. Decreasing fire severity and protection of 
habitat may not always be possible because wildfires are difficult to control, especially 
under extreme weather conditions (Fernandes & Botelho, 2003; Price & Bradstock, 
2012; McCaw, 2013). After the 2009 Black Saturday fire, unburnt patches of forest 
within the fire boundary were rare, and were influenced by topography, type of 
vegetation, and previous burns (Leonard et al., 2014a). Hence, low intensity planned 
burning could be applied in some areas that have a lower probability of burning (e.g. 
moist gullies) so that they retain vegetation structure, and reducing fuel loads around 
the area means it will be less likely to burn in a future wildfire (Leonard et al., 2014a).  
However, repeated burns at short fire intervals can reduce habitat and structural 
complexity for fauna, such as decrease the volume of logs (Bassett et al., 2015), cause 
the collapse of large trees (more likely to have hollows) on ridges (Collins et al., 2012), 
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and can lead to animal species extinctions (Bradstock et al., 2005). In this study, the 
effect of the previous fire largely was overshadowed by the effects of the 2009 
wildfire; nevertheless, for several species such as the superb lyrebird, forest sites that 
had been burnt < 3 years before the wildfire were less suitable than those with longer 
(> 20 years) fire history. Hence, some areas should also remain unburnt from planned 
burning to reduce impacts on fire-sensitive species, including those which avoid burnt 
areas and remain within their home ranges (Leonard & Koprowski, 2010). The 
recommended minimum fire interval for foothill forests of 10 years for low severity 
fire, and 25 years for high severity fire (Cheal, 2010) is an appropriate minimum value 
for these species.  
The widespread occurrence of introduced mammal species in the early post-fire 
environment and the limited effects of fire regime components or landscape 
heterogeneity on their distribution, suggests there is no ideal pattern of planned 
burning to reduce their occurrence. Introduced predators, particularly the red fox and 
cat, are major threats to native fauna in Australian ecosystems, and can lead to the 
decline or local extinction of populations (Sutherland & Dickman, 1999; Johnson et 
al., 2007; McKenzie et al., 2007; Woinarski et al., 2015). To minimize the detrimental 
effects of predation on local populations of native species, management to control 
introduced predators (e.g. baiting, culling, shooting) is likely to be most effective 
immediately after wildfire, with continuation of control programs into the future 
(Robley et al., 2012; Newsome et al., 2014).  
At this time, introduced species are likely to add an additional threat to native mammal 
populations that have already experienced both direct mortality from fire and indirect 
effects via loss of vegetative cover and shelter (Doherty et al., 2015). Where fire has 
limited native mammals to isolated habitat patches (Catling, 1991), they can be 
exposed to increased predation and small populations are at risk (Sutherland & 
Dickman, 1999; Robley et al., 2013); the level of predation may exceed a threshold 
that prevents populations from recovering to pre-fire levels (Russell et al., 2003). For 
instance, arboreal mammals were in low abundance in refuge habitat at 2-3 years after 
fire, possibly from the lasting effects drought, and could be further depleted by 
introduced predators in these habitats. Such loss in source habitats could reduce 
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recolonisation into the burnt landscape, and limit the overall recovery of populations 
across the region. Hence, such refuge habitat, where identified for species vulnerable 
to introduced predators, could also be targeted as a priority for introduced predator 
management after fire.  
This study considered the potential effects of fire at both the site scale and considering 
the surrounding landscape. Investigation of fire effects at a single scale may fail to 
capture the full effects of fire and responses of different species (including rare or 
vulnerable species) that may respond at a larger or smaller scales (Driscoll et al., 
2010). Here, for example, arboreal mammals were influenced by fire effects at both 
the site-level and landscape-level. Although landscape-level effects, surprisingly, were 
not influential for most other terrestrial mammals at 2-3 years after fire, the 
surrounding landscape may exert greater influence at other points in time such as 
immediately post-fire, or during drought. Studies conducted at appropriate spatial 
scales are likely to capture a greater understanding of the effects of fire on fauna, 
particularly those which capture the home ranges of species, can be used for more 
effective fire management (Driscoll et al., 2010; Lawes et al., 2015).  
8-4 Future directions for research and conservation in fire-prone 
ecosystems  
This study together with other work from the collaborative Faunal Refuge Project 
undertaken by Deakin and La Trobe universities (Robinson et al., 2013; Leonard et 
al., 2014a; Leonard et al., 2014b; Nugent et al., 2014; Robinson, 2014; Robinson et 
al., 2014; Bassett et al., 2015; Buckingham et al., 2015) has gained unique insights 
into of the effects of fire severity, fire history and landscape heterogeneity on multiple 
groups of taxa (i.e. mammals, birds, invertebrates, plants), in a fire-prone region. 
Further research, in this ecosystem and in others, could build on the results from this 
study in a number of ways. 
1. Fire severity is an important component of the fire regime to include in future 
studies. 
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2. Further work is needed on the identification and attributes of habitat refuges for 
different species, and their role through time in the post-fire succession (Robinson et 
al., 2013). Knowledge of the characteristics and locations of habitat that act as fire 
refuges can be used to guide the location and timing (e.g. season) of planned burns, to 
enhance the conservation of species, including threatened species (Garvey et al., 2010; 
Pereoglou et al., 2011; Blount & Koprowski, 2012).  
3. Long-term studies are needed to complement ‘snap shot’ studies at a particular point 
in time (such as this, at 2-3 years after wildfire). Fauna at the present sites could be re-
surveyed in a long-term study, at different times through the post-fire succession (e.g. 
2, 5, 10, 20, 30 years) to gain further understanding of species’ distributions, relative 
abundance and recovery after fire (e.g. Recher et al., 2009; Woinarski et al., 2010). 
Longitudinal studies also are vital to understand interactions between fire and climate 
(e.g. during extended drought), and the synergistic effects of fire with introduced 
species and other disturbances, such as logging and grazing (Gill & Catling, 2002; 
Clarke, 2008; Driscoll et al., 2010; Doherty et al., 2015).  
4. Manipulative experiments are an important tool for understanding faunal responses 
and species interactions after fire, including both native and introduced species 
(Clarke, 2008; Driscoll et al., 2010). For example, new insights could be gained from 
experimental approaches that involve a before and after study design with planned 
burns (Driscoll et al., 2010; Tuft et al., 2012). An experimental approach would be 
valuable to understand the interactions between introduced predators and native 
mammal species (Doherty et al., 2015; Mowat et al., 2015), potentially by 
manipulating the abundance of red fox and feral cat (e.g. control programs, fenced 
exclosures) and measuring changes in native species abundance or activity (e.g. Dexter 
& Murray, 2009; Moseby et al., 2009; Claridge et al., 2010) after fire. Studies that 
control the impact of introduced herbivores (e.g. deer) on vegetation and native 
mammal species after fire are also valuable (e.g. Pedersen et al., 2014). Experimental 
manipulation of vegetation after fire could also help identify habitat attributes that are 
important for the recovery of native species (Sutherland & Dickman, 1999; Mowat et 
al., 2015).  
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5. A key issue is to better understand the mechanisms behind the response of faunal 
species to fire (Driscoll et al., 2010). For instance, the immediate effects of wildfire 
on faunal mortality and survival are not well understood (Whelan et al., 2002). 
Similarly, knowledge of the processes associated with in-situ survival and 
recolonisation of the burnt environment, and changes in species demography during 
the recovery of faunal populations after fire, is scarce (Banks et al., 2011b).  
6. Understanding of the effects of fire on less common species and less-studied faunal 
groups would also be beneficial. This includes species that are functionally important, 
such as pollinators (e.g. bats, bees), predators (e.g. in this ecosystem, owl species 
including the threatened powerful owl (Ninox strenua) and sooty owl (Tyto 
tenebricosa), and other rare or threatened species (e.g.in this system, smoky mouse, 
broad-toothed rat).  
7. It would be valuable to conduct similar parallel studies of the effects of fire regime 
components and landscape heterogeneity that span different vegetation types and 
regions, to better understand responses that are common among ecosystems versus 
those that may be idiosyncratic to a particular situation.  
8. Fire, as a disturbance process, does not occur in isolation, but occurs in forests 
subject to other impacts. Thus, a challenging frontier in fire ecology is to understand 
the synergistic impacts of other processes that may interact with fire; such as climate 
change, introduced plant and animal species, expanding human settlements, land 
clearing, grazing, logging, hydrological and other natural disturbance processes (e.g. 
drought) (Bennett et al., 2009; Driscoll et al., 2012). These all place considerable 
pressure on the resilience of native fauna and biodiversity in fire-prone forests (Brook 
et al., 2008; Spies et al., 2012; Doherty et al., 2015). 
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Summary
1. Rapid environmental change is placing increasing pressure on the survival of many species
globally. Ecological refuges can mitigate the impacts of change by facilitating the survival or
persistence of organisms in the face of disturbance events that would otherwise lead to their
mortality, displacement or extinction. Refuges may have a critical influence on the succes-
sional trajectory and resilience of ecosystems, yet their function remains poorly understood.
2. We review and describe the role of refuges in faunal conservation in the context of fire, a
globally important disturbance process.
3. Refuges have three main functions in relation to fire: they enhance immediate survival
during a fire event, facilitate the persistence of individuals and populations after fire and assist
in the re-establishment of populations in the longer term. Refuges may be of natural or
anthropogenic origin, and in each case, their creation can arise from deterministic or stochas-
tic processes. The specific attributes of refuges that determine their value are poorly known,
but include within-patch attributes relating to vegetation composition and structure; patch-
scale attributes associated with their size and shape; and the landscape context and spatial
arrangement of the refuge in relation to fire patterns and land uses.
4. Synthesis and applications. Refuges are potentially of great importance in buffering the
effects of wildfire on fauna. There is an urgent need for empirical data from a range of eco-
systems to better understand what constitutes a refuge for different taxa, the spatial and tem-
poral dynamics of species’ use of refuges and the attributes that most influence their value to
fauna. Complementary research is also required to evaluate threats to naturally occurring ref-
uges and the potential for management actions to protect, create and enhance refuges.
Knowledge of the spatial arrangement of refuges that enhance the persistence of fire-sensitive
species will aid in making decisions concerning land and fire management in conservation
reserves and large natural areas. Global change in the magnitude and extent of fire regimes
means that refuges are likely to be increasingly important for the conservation of biodiversity
in fire-prone environments.
Key-words: biodiversity, biological legacies, disturbance, prescribed fire, residual habitat,
unburnt patch, wildfire
Introduction
Globally, the survival of many species is under mounting
pressure from environmental change, including the
impacts of habitat loss and modification, invasive species,
overexploitation of resources and climate change (Linden-
mayer & Fischer 2006; Brook, Sodhi & Bradshaw 2008).
Such anthropogenic pressures can modify the temporal
and spatial dynamics of natural disturbance regimes, plac-
ing the inherent resilience of ecosystems under greater
stress (McKenzie et al. 2004; Brook, Sodhi & Bradshaw
2008). The ability of species to cope with change arising
from disturbance will depend on their ecological and
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life-history attributes (Sousa 1984). Species with low dis-
persal capabilities are less able to directly avoid rapid
shocks and will be at increased risk of mortality unless
they possess other adaptations (e.g. behaviours or physiol-
ogies) that allow them to survive in situ (Whelan 1995).
Specific components of a landscape that endure (or
escape) change caused by a disturbance can lessen the
impacts of environmental shocks on organisms and
increase their likelihood of surviving: these components
are commonly referred to as refuges (e.g. Lindenmayer
et al. 2009; Brennan, Moir & Wittkuhn 2011). Refuges
may have a critical influence on the successional trajectory
and resilience of ecosystems to disturbance events. Conse-
quently, if the specific properties of high-quality refuges
can be successfully identified, then these areas can be
located and managed to ameliorate against major environ-
mental pressures.
Refuges are defined here as habitat features within a
landscape that facilitate the survival or persistence of
organisms (or species) in the face of a disturbance event
that would otherwise result in their mortality, displace-
ment or extinction (see also Mackey et al. 2002). We
review the concept and role of refuges in faunal conserva-
tion in the context of fire. Fire profoundly influences the
structure and composition of ecosystems, and the
distribution and abundance of organisms globally (Bond,
Woodward & Midgley 2005). The impact of fire is inher-
ently heterogeneous (Burton et al. 2008). This reflects
variation in fire regimes (i.e. fire intensity, time since fire,
interfire interval, season of burning: Gill 1975) and in the
spatial pattern of fires (e.g. their size, shape and context
of unburnt vegetation). The occurrence of refuges is an
element of this heterogeneity. Thus, the relationship
between refuges, disturbance regimes and the environment
involves complex interactions that are both spatially and
temporally dynamic.
In the context of fire, refuges typically occur at rela-
tively small spatial scales (e.g. forest patches, logs, bur-
rows) within the fire boundary. They may occur as
isolated patches or as peninsulas surrounded by the burnt
matrix (Perera, Buse & Routledge 2007), but are distinct
from large tracts of unburnt vegetation adjacent to the
fire boundary. Conceptually, refuges partially overlap with
the idea of ‘biological legacies’ (Franklin et al. 2000).
However, the latter concept is broader and refers to all
biological or biologically derived features that persist fol-
lowing disturbance (including organisms themselves) and
the range of functions these may fulfil. Whilst some bio-
logical legacies can act as refuges (e.g. hollow trees, undis-
turbed patches of vegetation), others have extremely
limited capacity to fulfil this role (e.g. plant propagules,
faeces). In addition, there are features that function as ref-
uges that are not biological in origin (e.g. rock outcrops).
In many fire-prone environments, synergies with
anthropogenic threats, such as habitat fragmentation and
invasive species, suggest that present-day impacts of fire
potentially are greater than those experienced by species
during their evolutionary history (Brook, Sodhi &
Bradshaw2008). In these circumstances, refuges may have
an even greater role in sustaining species and communi-
ties. Further, with global climate change, fire-prone
regions are predicted to differentially experience changes
in the length of fire seasons and the frequency and/or
intensity of wildfires (Flannigan et al. 2009). This may
increase the importance of refuges for the persistence of
fire-sensitive fauna, whilst potentially also decreasing the
likelihood of refuges existing (McKenzie et al. 2004). The
limited understanding of the role of refuges and the fac-
tors that determine their value for the persistence of biota
in fire-prone landscapes means that land managers have
little guidance for incorporating the maintenance or crea-
tion of refuges into fire planning.
We outline a conceptual model of the functions of ref-
uges in relation to fire, describe the origins of refuges,
review current understanding of the factors that influence
the value of refuges for fauna and identify knowledge
gaps. We acknowledge that some species are dependent
on fire, being either pyrophilic or associated with early
postfire successional stages (e.g. Hutto 2008), but focus
here on species that are likely to do less well in a world
experiencing more frequent and severe fires.
Refuges and their role in survival and postfire
recovery of fauna
Refuges have three primary roles in relation to fire:
(i) they enable survival of organisms during and immedi-
ately after a fire event; (ii) they facilitate in situ persistence
of organisms and populations within the fire boundary;
and (iii) they assist the re-establishment of populations
within the burnt area as it recovers. The length of time
that a specific habitat component may fulfil a refuge role
for an organism will vary, and through time, organisms
and populations may use different habitat components for
different roles.
SURVIVAL DURING A FIRE
The likelihood of immediate survival of an individual dur-
ing a fire will be influenced by the severity of the fire, the
individual’s location in relation to potential refuges in the
landscape and the physical or behavioural mechanisms
the organism may use to avoid direct flames and radiant
heat (Friend 1993; Whelan 1995).
Numerous studies have linked postfire population sizes
with fire severity (e.g. Smucker, Hutto & Steele 2005). Indi-
vidual survival may be relatively high after low intensity or
patchy fires in which vegetative components remain
unburnt or only partially burnt (Ford et al. 1999; Brennan,
Moir & Wittkuhn 2011). In contrast, severe fires can result
in large declines in population sizes (Newsome, McIlroy &
Catling 1975; Banks et al. 2011; Couturier et al. 2011).
Species that live permanently within less flammable
habitats (e.g. rock outcrops, rain forest gullies) may rarely
© 2013 The Authors. Journal of Applied Ecology © 2013 British Ecological Society, Journal of Applied Ecology
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have direct contact with fire (Whelan 1995). For other
species, individuals may either seek out or fortuitously be
present within a refuge when the fire passes (Grafe,
D€obler & Linsenmair 2002; Garvey et al. 2010). Individ-
ual or social behaviour can also influence access to ref-
uges and affect survival rates (Whelan et al. 2002). For
example, swamp wallabies Wallabia bicolor moved to
moist creekline vegetation during a fire, and then, individ-
uals doubled back through the fire front to safety in
burned areas (Garvey et al. 2010). Savanna chimpanzees
Pan troglodytes verus exhibit a complex suite of behav-
iours in avoiding fire, including individuals apparently
warning other group members of approaching fire and
monitoring the progress of fires at close range (Pruetz &
LaDuke 2010).
PERSISTENCE OF INDIV IDUALS AND POPULATIONS
POSTFIRE
Whilst all animals must avoid the immediate passage of
fire, by using either a refuge or fleeing, refuges can also
facilitate the postfire persistence of individuals and popu-
lations within the burned landscape. The importance of
refuges for the species’ persistence depends on the degree
to which they provide resources that, otherwise, are
unavailable in the burnt matrix. Species exhibit a contin-
uum of levels of reliance on refuges for postfire persis-
tence (e.g. Legge et al. 2008), and at least five patterns of
refuge use can be recognized.
First, individuals may use a refuge temporarily to
survive the fire front, but then live within the burned area
with no further dependence on the refuge (e.g. Garvey
et al. 2010). Second, individuals may persist within the
burned area, albeit at a reduced density, assisted by the
presence of postfire legacies (e.g. partly burned logs,
stumps) that provide physical refuge or shelter (Banks
et al. 2011). Third, individuals of some species may sur-
vive postfire by using both unburnt refuge habitat and
adjacent burned areas (Fraser et al. 2003). Such species
are likely to be favoured by fine-grained fire mosaics.
Fourth, persistence of a species may depend primarily on
unburned patches of vegetation to meet all their resource
requirements in the short term (up to several years)
(Watson et al. 2012a), before they gradually recolonize
the surrounding environment. Lastly, species that are
late-successional specialists may depend on unburned ref-
uges for many years. For example, the Mallee Emu-wren
Stipiturus mallee is essentially absent from burned vegeta-
tion until at least 17 years postfire (Brown, Clarke &
Clarke 2009). In the absence of suitable refuges, such
specialists will be at high risk of local extinction (Silveira
et al. 1999; Peres, Barlow & Haugaasen 2003).
RE-ESTABLISHMENT OF POPULATIONS
In the longer term, refuges may contribute to re-establish-
ment of populations in extensively burned landscapes in
two ways: as a source for population expansion from
within the fire boundary and by facilitating the coloniza-
tion of individuals from outside the fire boundary (Banks
et al. 2011; Watson et al. 2012a).
If a species survives and persists within refuges, this
offers the potential for population expansion into the sur-
rounding landscape from multiple dispersed nuclei when
conditions in the burnt environment become suitable
(Watson et al. 2012a). Little is known, however, of the
spatial dynamics of species in such situations, despite the
potential importance in recolonization processes (Banks
et al. 2011). Depending on the spatial isolation of refuges
relative to the mobility of the organism, spatial population
structure within the burned landscape may vary through
time along a gradient from a series of disjunct isolated
populations, to a metapopulation and to a patchy popula-
tion linked by frequent movements (Templeton, Brazeal &
Neuwald 2011; Driscoll, Whitehead & Lazzari 2012).
Alternatively, refuges may facilitate colonization by
individuals from outside the fire boundary, by providing
resources in the short term (food, shelter) or longer term
(resident habitat). The distance from the fire boundary
and the spatial arrangement of refuges within the burned
area will influence the rate and capacity for colonization
by different species (Turner et al. 1998). Refuges close to
the boundary are more likely to be occupied (Watson
et al. 2012a).
Origins of refuges
Refuges can be created by natural processes, or by human
manipulation of the environment, often with the intent of
conserving organisms and communities. In both cases, the
processes giving rise to refuges may be deterministic or
stochastic.
NATURAL REFUGES
Patches of unburnt vegetation and features such as logs and
rock outcrops that provide refuge occur naturally in burned
landscapes (Burton et al. 2008). Few studies have quantified
the proportion of vegetation remaining unburnt during wild-
fires. Reported values range from as little as approximately
1–22%, of the fire-affected landscape, with this value largely
depending on weather conditions during the fire and
landscape characteristics (Roman-Cuesta, Gracia & Retana
2009; Madoui et al. 2010; S.W.J. Leonard, A.F. Clarke &
M.F. Bennett, in review).
Due to the influence of topographic position and envi-
ronmental features, unburnt patches often occur in a non-
random (deterministic) manner (Mackey et al. 2002;
Bradstock et al. 2005). Typically, the vegetation differs in
composition or moisture content from that in the sur-
rounding fire-prone landscape, such as moist gullies
within temperate eucalypt forests (Penman et al. 2007),
rain forest patches within savanna woodlands (Bowman
2000) or deciduous forest within mixedwood boreal
© 2013 The Authors. Journal of Applied Ecology © 2013 British Ecological Society, Journal of Applied Ecology
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forests (Burton et al. 2008). In some instances, negative
feedback between vegetation succession and flammability
reduces the probability of fire over time (e.g. succession
from eucalypt forest to rain forest, Jackson 1968). Sites
that exhibit reduced flammability due to topography,
microclimate or vegetation type may remain unburnt over
several fire cycles in the surrounding landscape and there-
fore escape fire for extended periods (Camp et al. 1997).
In extreme fire weather conditions, however, even these
sites can burn (Gill & Allan 2008). In addition, determin-
istic refuges may be compromised or lost if they are sub-
ject to anthropogenic disturbances such as logging or land
clearing (Lindenmayer et al. 2011).
Natural refuges also arise due to stochastic processes
(Mackey et al. 2002). The interaction of weather and fire
is complex and can be unpredictable, particularly at the
local scale. Sudden variation in wind speed or direction
results in localized changes in fire intensity or direction of
travel, which in turn has the potential to result in patches
remaining unburnt. Such unburnt patches can be consid-
ered ‘transient’ refuges, as they ‘escape’ one fire event, but
not necessarily the next (Bradstock et al. 2005).
Animals may modify fuel characteristics within a site,
such that the likelihood of burning is reduced. Intense her-
bivory may reduce fuel loads to the extent that fire
is excluded (Leonard, Kirkpatrick & Marsden-Smedley
2010). Burrowing animals can create bare or sparsely
vegetated areas around warrens that inhibit fire spread
(Kotliar et al. 1999). Other soil-disturbing activities such as
wallowing (Knapp et al. 1999) may have similar effects.
Animals may also reduce fuel loads and hence flammability
through removing leaf litter (Mikami et al. 2010). The
duration of fire suppression from these actions varies from
weeks to months (e.g. migratory herbivores, McNaughton
1992) to decades (e.g. Cynomys spp. colonies, Kotliar et al.
1999).
REFUGES OF ANTHROPOGENIC ORIGIN
Land management practices can reduce fuel loads so that
areas adjacent to a treated area function as refuges or to
create potential refuges within a large treated area.
Prescribed burning may be used in a deterministic fash-
ion (i.e. in a particular place and time) to maintain desig-
nated refuges by manipulating the location, size and
frequency of burns such that they prevent future wildfire
from spreading into adjacent designated areas (Burrows
2008). Other means of reducing fuel loads, such as
mechanical removal of fuel (Waldrop, Phillips & Simon
2010) or manipulation of grazing or browsing animals
(Valderrabano & Torrano 2000), may also be used to pro-
tect areas from fire. However, fuel reduction by such
means needs to be carefully considered as there are
examples of both mechanical fuel removal (e.g. salvage
logging, Donato et al. 2006) and herbivory (Leonard,
Kirkpatrick & Marsden-Smedley 2010) that increased
vegetation flammability.
Prescribed burning can also be used to create potential
refuges within a large treated area. Conservation managers
often adopt some form of patch mosaic burning with the
aim of introducing or maintaining landscape heterogeneity
by creating patches that vary in fire history and severity of
the most recent fire, including patches that remain unburnt
(Parr & Andersen 2006). The exact location and size of
unburnt patches is usually not predetermined, but the gen-
eral pattern of the mosaic (e.g. overall burn cover, patch
grain) may be managed by selecting the timing and pattern
of ignition (Yibarbuk et al. 2001). For example, to main-
tain populations of relatively sedentary, refuge-dependent
fauna in northern Australian savanna, a fine-grained fire
mosaic is required in which fire patch size is less than the
home range of the species concerned (in some cases <1 ha;
Fraser et al. 2003; Yates, Edwards & Russell-Smith 2008).
The resultant mosaic may limit the spread and intensity of
subsequent wildfire, such that a higher proportion of the
landscape remains unburnt and natural refuge patches are
protected from fire incursion.
Alternatively, patches recently burnt by prescribed fire
may escape burning during a subsequent wildfire and thus
act as a refuge. However, their ability to function as a
long-term refuge may be limited by their simplified (fuel
reduced) structure (Catling 1991). The fate of prescribed
burns during subsequent wildfire depends on numerous
factors, including severity of the prescribed burn, time
since burn, rates of fuel re-accumulation, weather (both
between and during fires) and intensity of the wildfire
(Cary et al. 2009).
The likelihood of areas burning, or not burning, can
also be an unintentional effect of human activities. Vege-
tation fragmentation, for instance, can inhibit fire spread
and result in unburnt patches (Duncan & Schmalzer
2004). Other anthropogenic changes, such as invasion of
exotic plant species, can reduce or increase vegetation
flammability (Brooks et al. 2004). A widely observed
example of the latter effect is a positive feedback between
exotic grass invasion and fire intensity (the ‘grass–fire
cycle’; D’Antonio & Vitousek 1992), which may result in
an increased extent and decreased patchiness of fires
(Miller et al. 2010).
What attributes of refuges contribute to their
value?
The attributes of faunal refuges can be considered in rela-
tion to temporal requirements of fauna associated with a
fire event (see Fig. 1).
SHORT-TERM SURVIVAL
The immediate survival of organisms during fire will be
greatest in patches or components that provide shelter
and physical protection from flames and radiant heat
(Fig. 1). Several types of refuges enhance the immediate
survival of organisms. These include habitat components
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that are not flammable (e.g. burrows, termite mounds,
Yarnell et al. 2008), components that are less flammable
(e.g. topographic locations such as gullies, or specific veg-
etation types, Penman et al. 2007), through to vegetation
components or habitat features that are intrinsically flam-
mable, but due to fire behaviour do not burn or burn at
lower intensity (e.g. hollows in large trees, Xanthorrhoea
preissii, Brennan, Moir & Wittkuhn 2011). Each of these
functions at a range of scales: for example, intrinsically
flammable refuge habitats range from microhabitats asso-
ciated with logs (Andrew, Rodgerson & York 2000) and
unburned litter (Kiss & Magnin 2006) to larger patches of
unburned vegetation (Swengel & Swengel 2007; Watson
et al. 2012a). Biotic interactions also influence immediate
survival, including competition for refuges just prior to
and during the fire event, and predation during or shortly
after the event (Whelan et al. 2002).
LONGER TERM PERSISTENCE AND RECOLONIZATION
In the longer term, refuge attributes that allow species to
persist or recolonize are complex and species specific.
There are few empirical studies on the relative value of
different attributes of refuges. However, the body of
literature on the occurrence of species in habitat patches
in fragmented landscapes (Mazerolle & Villard 1999;
Lindenmayer & Fischer 2006; Thornton, Branch & Sun-
quist 2011) suggests that three kinds of attributes will
influence the longer term value of refuges: within-patch
structural and biotic attributes, size and shape of the
patch and landscape context of the patch (Fig. 1). The
temporal context of the fire, with respect to other distur-
bances, biotic interactions and climatic events (e.g.
drought or rain), may further influence refuge quality.
Patch quality
For an individual to persist in a refuge, suitable resources
need to be available (Fig. 1). Within-patch attributes that
influence longer term survival include vegetation composi-
tion and habitat structural features (e.g. Pereoglou et al.
2011). Attributes of patches are likely to be most impor-
tant in the short- to medium-term postfire, when the con-
trast between patches and the surrounding environment
may be stark. However, as the burned environment recov-
ers, resources become available more widely (Lindenmayer
et al. 2009) and the distinctiveness of within-patch attri-
butes declines (Fig 1). Patch characteristics partly depend
on the mechanism through which a refuge is created.
Environmental conditions that contribute to the creation
of natural deterministic refuges typically lead to different
habitat qualities than those found within refuges created
by chance. Natural deterministic refuges such as riparian
zones and gallery forests (Palmer & Bennett 2006) or rock
outcrops (Clarke 2002) have intrinsically different vegeta-
tion and harbour different assemblages than those in the
broader, more flammable landscape. Deterministic refuges,
including those of both natural and anthropogenic origin,
are likely to have older, more mature vegetation than
those arising stochastically, due to the lower probability of
burning in the former (DeLong & Kessler 2000; Gandhi
et al. 2001).
Stochastic refuges, on the other hand, may reflect the
broader vegetation composition and structure of the land-
scape prior to disturbance. The fire history, or fire regime,
influences these habitat attributes. Long fire intervals result
in older vegetation of greater structural complexity within
patches created stochastically. Patches burnt recently, or at
high frequency, are likely to have a simplified vegetation
structure and provide less suitable refuge for species
requiring resources associated with long-undisturbed
vegetation (Catling 1991). However, they may provide
other services to the fauna, such as protection during fire,
foraging areas and habitat for early-seral species (Brotons,
Pons & Herrando 2005).
Patch size and shape
The size of a refuge patch influences its detectability and
availability to different organisms and the number of indi-
viduals it can support, whilst patch shape determines the
availability of core habitat uncompromised by edge effects
(Forman 1995). In general, the probability of species
occurring within a patch increases with increasing patch
area and decreasing isolation (Lindenmayer & Fischer
2006). However, the relationship between patch metrics
and occurrence of species in large fire mosaics is more
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Fig. 1. A conceptual diagram of refuge function through time in
relation to fire. Bar width indicates the relative importance of
each attribute to function. At the onset of fire, refuges provide
immediate shelter. Following fire, they may enhance the persis-
tence of individuals and populations, and later the re-establish-
ment of populations in the burnt landscape.
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complex than, for example, forest fragments in agricul-
tural landscapes. First, the postfire environment is a com-
plex array of different fire severities, compounded by
environmental gradients (e.g. topography, vegetation) and
spatial variation in the number and type of biological leg-
acies after fire (Burton et al. 2008). Consequently, patch
boundaries are often indistinct and represent gradients in
quality rather than marked contrasts. Second, what con-
stitutes a refuge patch differs amongst species. In some
instances, such as unburnt vegetation surrounded by
severely burnt vegetation, patches are visibly distinct. In
other situations, such as the persistence of small mammals
(Banks et al. 2011) or ants (Andrew, Rodgerson & York
2000) amongst logs and rocks in burnt vegetation, the dif-
ference between refuge and matrix may be subtle. Third,
the postfire mosaic is temporally dynamic, changing in
quality and contrast as vegetation recovery proceeds (e.g.
Ashton 1981). To the degree that patches become less dis-
tinct from their surroundings over time, it is likely that
the importance of patch size and shape will also diminish
(Fig. 1).
Landscape context
The spatial arrangement of refuge patches and their con-
text in the broader fire mosaic is important for re-estab-
lishing and maintaining populations over time (Watson
et al. 2012a) (Fig. 1). For species that depend on refuge
patches, the ability of individuals to either disperse
through the burned landscape or use refuge patches as
‘stepping stones’ is an important determinant of (re)colo-
nization of unoccupied habitat (Brotons, Pons & Herran-
do 2005; Pereoglou et al. 2013). A greater potential for
individuals to (re)establish local populations in unoccu-
pied habitat increases the chances of species surviving in
patchy habitats (Templeton, Brazeal & Neuwald 2011).
The dispersal ability of a species is determined by the
mobility of individuals and the extent to which they per-
ceive the burned landscape as hostile or benign.
The optimal spatial arrangement of refuge patches within
the postfire environment will vary amongst species
(Bradstock et al. 2005; Clarke 2008), and the value of differ-
ent configurations may also differ between ecosystems. For
example, in fire-prone savanna woodlands of northern Aus-
tralia, a fine-grained mosaic of burned and unburned vege-
tation is considered desirable for many species, such as the
partridge pigeon Geophaps smithii (Fraser et al. 2003). A
trend towards coarse-grained fire mosaics in this system has
been linked to declines of small mammal species (Andersen,
Woinarski & Parr 2012). In contrast, in other ecosystems,
a fine-scale patch arrangement may be detrimental to
taxa if perceived as fragmentation (Taylor et al. 2012).
Biotic interactions
The value of a refuge is also influenced by interactions
with other species. Although few examples are available
from fire ecology, changes in interactions including
predation, competition, parasitism and mutualisms have
been documented after landscape change and isolation of
habitats in other situations (Lindenmayer & Fischer 2006;
Ritchie et al. 2009). For example, loss of predators in iso-
lated fragments can lead to cascading effects on ecosys-
tems, with resultant outbreaks of herbivores significantly
altering habitat structure (Ritchie & Johnson 2009). Many
generalist predators are not restricted to unburned refuges
and may be favoured by fire (Dees, Clark & Manen
2001). In the immediate postfire environment, predator
abundance can increase due to greater availability of food
from burnt carcasses and increased hunting efficiency due
to reduced vegetative cover for prey (Conner, Castleberry
& Derrick 2011).
Knowledge gaps and further steps in
understanding refuges
The commonly assumed importance of refuges for sur-
vival, persistence and recovery of fauna from fire con-
trasts with the paucity of published evidence. Studies
relating to the value of faunal refuges, often undertaken
opportunistically after wildfire, have frequently been lim-
ited by issues such as inadequate documentation of fire
severity, history and spatial properties; monitoring on lim-
ited spatial and temporal scales; inadequate replication;
inability to separate mortality from emigration; and inter-
actions with other disturbances (e.g. Newsome, McIlroy
& Catling 1975; Murphy et al. 2010; Zozaya, Brotons &
Vallecillo 2011). The limited understanding of fire refuges
contrasts with that for refuges in freshwater systems
where knowledge is more advanced and functions and
attributes have been outlined (Sedell et al. 1990). To give
direction to future research, we highlight knowledge gaps
in three broad areas.
POSTFIRE PATTERNS AND DYNAMICS OF POTENTIAL
REFUGE HABITATS
An important step is to develop a stronger, predictive
understanding of the relationship between fire characteris-
tics (e.g. severity, size, seasonality) and the spatial pattern
of potential refuge areas that occurs postfire. Systematic
mapping of areas remaining unburnt in relation to vegeta-
tion type and topography (e.g. Madoui et al. 2010) pro-
vides a valuable opportunity to determine the spatial
patterns of potential refuges, including natural determinis-
tic refuges (moist drainage lines, less flammable vegeta-
tion), natural stochastic refuges (e.g. patches that escape
burning) and anthropogenic refuges arising from prior
prescribed burns. The occurrence and dynamics of other
types of refuges, such as burrows, rock outcrops and
unburnt habitat components (e.g. logs, tree hollows, litter
patches), are less readily mapped remotely, but can be
assessed by systematic survey of the postfire environment.
Of particular value are quantitative studies that examine
© 2013 The Authors. Journal of Applied Ecology © 2013 British Ecological Society, Journal of Applied Ecology
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spatial attributes of potential refuges – including number,
size, location and configuration – in relation to aspects of
fire regime and land management (e.g. Collins et al.
2012). Such studies are required in relation to both wild-
fires and prescribed burns in different ecosystems.
FAUNAL USE OF REFUGES
A comprehensive understanding of how refuges mitigate
the effects of fire requires more empirical data on refuge
use by a wide range of taxa from different types of fire-
prone ecosystems. This includes greater insight into what
constitutes a refuge for particular taxa, specific attributes
of the refuge and when it is used (e.g. during fire, immedi-
ate postfire, longer term). A key challenge is to identify
potential relationships between life-history attributes of
species and their need for, and use of, different types of
refuges. Opportunistic studies after wildfire will continue
to be an important source of information, as will planned
studies of responses of individuals and populations to pre-
scribed burns of different severity, size and season (e.g.
Fraser et al. 2003). Longitudinal studies of responses of
fire-sensitive species that extend beyond a few years are
scarce (Driscoll et al. 2010). Consequently, there is little
knowledge of the time period over which species may
depend on refuges or how refuge use changes over time.
Such insights are particularly important for species known
to favour late-successional vegetation or that rely on habi-
tat components that take many years to recover (Haslem
et al. 2011; Watson et al. 2012b).
A major knowledge gap relates to the spatial patterns
and dynamics of populations within postfire mosaics. Such
knowledge would assist in conservation planning for fire-
sensitive species by determining whether there is a need for
management intervention to protect or create refuge habi-
tats, and if so, their spatial arrangement. Empirical data
on species’ dependence on refuges, refuge spatial isolation
and patterns of movement by individuals between them
will give important insight into the spatial structure (or
continuity) of the population within the fire boundary.
ANTHROPOGENIC CREATION AND MANAGEMENT OF
REFUGES
As natural fire regimes are increasingly altered by land-
use change, wildfire suppression, anthropogenic burning
and effects of climate change (Flannigan et al. 2009),
active management of refuges to safeguard sensitive spe-
cies from displacement or local extinction will become
more important. Knowledge of the location of natural ref-
uges should be used to highlight areas for protection,
either from natural or from anthropogenic disturbances
(Mackey et al. 2002). Management actions that improve
connectivity between such refuges may also be beneficial
(e.g. Brown, Clarke & Clarke 2009). However, planning
in this regard will need to consider potential risks such as
increased wildfire propagation and spread of pests and
disease (Camp et al. 1997). Planned burns can be used to
protect or create refuge habitats, either in specific loca-
tions or as part of a landscape mosaic (Parr & Andersen
2006; Andersen, Woinarski & Parr 2012), but this requires
a sound understanding of what constitutes a suitable
landscape pattern, as well as technical skills to deliver the
required burn pattern under a range of fire conditions.
There is a great need for further evaluation of the out-
comes of fire management practices designed to mitigate
the effects of fire on biodiversity, including their effective-
ness in creating or maintaining refuges. It is also essential
to evaluate the effects of fire management for purposes
such as hazard reduction and other land management
practices that may result in the loss or degradation of
refuges. Much progress could be made by the integration
of experimental management with systematic monitoring
and research (Driscoll et al. 2010). This includes experi-
mentally testing different management options for creat-
ing or protecting refuge habitats, together with long-term
monitoring of faunal abundance and habitat use at the
landscape scale.
Faunal fire refuges are likely to become increasingly
important under expected changes in the occurrence,
intensity and extent of wildfires (McKenzie et al. 2004).
Managing for the refuge needs of fauna will help mitigate
the detrimental impacts of fire and facilitate biodiversity
conservation in fire-prone landscapes.
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a b s t r a c t
Coarse woody debris (CWD) is a common structural component of terrestrial ecosystems, and provides
important habitat for biota. Fires modify the distribution of CWD, both spatially and temporally. Changes
in fire regimes, such as those arising from prescribed burning and changing climatic conditions, make it
critical to understand the response of this resource to fire. We created a conceptual model of the effects of
fire on logs and dead trees in topographically diverse forests in which trees often survive severe fire. We
then surveyed paired sites, in a damp gully and adjacent drier slope, 3.5 years after a large wildfire in
south-eastern Australia. Sites were stratified by fire severity (unburnt, understorey burnt and severely
burnt), and fire history (burnt 63 years or P20 years prior to the wildfire). Both components of the fire
regime influenced CWD availability in gullies. Severe wildfire and fire history 63 years reduced the vol-
ume of small logs (10–30 cm diameter) in gullies, while severe wildfire increased the number of large
dead trees in gullies. CWD on slopes was not affected by fire severity or history at 3.5 years post-fire.
Log volumes on slopes may recover more quickly after wildfire through rapid collapse of branches and
trees. Gullies generally supported more logs than slopes, but longer inter-fire intervals in gullies may
allow fuel loads to accumulate and lead to comparatively larger fire impacts. Given that fire severity
and fire interval are predicted to change in many fire-prone ecosystems in coming decades, this study
highlights the importance of understanding the interacting effects of multiple components of the fire
regime with landscape structure. In particular, variation in fire interval and fire severity in relation to
topographic position will influence the pattern of accumulation of coarse woody debris across the land-
scape, and therefore the structure and quality of habitats for biota.
 2015 Elsevier B.V. All rights reserved.
1. Introduction
Fire shapes the composition of ecosystems through its effects
on vegetation structure (Bond et al., 2005; Bowman et al., 2009),
which in-turn affects the distribution of fauna (Fox, 1982; Friend,
1993). The immediate and longer-term effects of fire on faunal
habitat depend on the fire regime: fire severity, fire frequency,
time-since-fire, fire interval and the season of fire (Gill and
McCarthy, 1998; Smucker et al., 2005; Haslem et al., 2012). Fire
regimes can vary within relatively small areas, because even large,
intense fires create a mosaic of severities at multiple scales (Turner
et al., 1994; Román-Cuesta et al., 2009; Leonard et al., 2014).
Coarse woody debris (CWD: here defined as logs and dead
trees) is a common component of many terrestrial ecosystems
(Harmon et al., 1986; Jonsson and Kruys, 2001; Lohr et al., 2002).
It has an important role in nutrient cycling and carbon storage,
and provides habitat for plants and animals (Harmon et al., 1986;
Lindenmayer and Franklin, 2002). The dynamics of CWD are driven
by the interaction of long-term processes, such as senescence and
decay, with shorter-term disturbance processes, such as timber
harvesting and fire (Harmon et al., 1986; Haslem et al., 2011).
Fire is integral to the dynamics of CWD, as it both consumes
existing debris and generates new material through its influence
on tree death and collapse (Harmon et al., 1986; Tinker and
Knight, 2000). Diverse responses to aspects of the fire regime have
been observed. For example, the effects of time-since-fire on the
abundance of logs ranges from a post-fire increase (Monsanto
http://dx.doi.org/10.1016/j.foreco.2014.12.028
0378-1127/ 2015 Elsevier B.V. All rights reserved.
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and Agee, 2008), to a peak at intermediate fire ages (Roccaforte
et al., 2012), or no detectable effect (Pedlar et al., 2002; Eyre
et al., 2010). Such diverse relationships suggest that responses to
fire vary between, and potentially within, ecosystems. However,
such variable effects of time-since fire could also be influenced
by failing to account for other aspects of the fire regime, both spa-
tial and temporal. Fire severity (e.g. Smucker et al., 2005) and fire
interval (e.g. Haslem et al., 2012) are known to strongly influence
habitat structure, but are rarely accounted for in fire ecology stud-
ies, including those on CWD (but see Collins et al., 2012b).
Topographic variation influences fire behaviour, as moist gullies
often repeatedly escape fire, or burn less severely than the sur-
rounding landscape (Pettit and Naiman, 2007; Bradstock et al.,
2010; Leonard et al., 2014). When gully vegetation does burn at
high intensity, for example during extreme fire conditions
(Leonard et al., 2014), the vegetation may recover more quickly
due to the protected aspect and high soil moisture (Romme and
Knight, 1981; Segura and Snook, 1992). Thus, topographic variation
may interact with fire regimes to determine the dynamics of CWD.
Research on the post-fire dynamics of CWD has been conducted
largely in forests that experience stand-replacing fires, such as the
boreal forests of North America and Europe (Harmon et al., 1986;
Tinker and Knight, 2000; Pedlar et al., 2002; Monsanto and Agee,
2008), and tall wet eucalypt forests of south-eastern Australia
(Lindenmayer et al., 1999). In other forests, such as the mixed
Eucalyptus species foothill forests that cover some 7.9 million ha
of south-eastern Australia, trees often survive severe fires through
epicormic sprouting. Despite the complex role of fire in structuring
these ecosystems (Gill, 2012), and the key role that CWD plays
within them (Lindenmayer et al., 2006), understanding of the driv-
ers of CWD is limited, particularly in relation to fire regimes.
Here, we explore the role of multiple components of the fire
regime and topographic variation on the dynamics of CWD in a
foothill forest ecosystem following the 2009 ‘Black Saturday’ wild-
fires in central Victoria, Australia, which burnt 228,000 ha of forest.
We had four primary objectives: (1) to develop a conceptual model
of the effects of wildfire on CWD over time; (2) to determine the
effects of fire severity and fire history on the relative abundance
of CWD (logs and dead standing trees); (3) to examine whether
the effects of the fire regime are modified by topographic position
(i.e. damp gullies vs. drier slopes); and (4) to determine whether
the size of logs and dead trees influences how they are affected
by the fire regime.
1.1. Conceptual model and predictions
We developed a conceptual model of the post-fire dynamics of
logs in forest ecosystems in which trees often survive severe fire
(Fig. 1). There are four main sources of logs following fire. First,
at least part of the existing log resource is likely to remain post-
fire. Second, trees not killed by fire may drop branches, resulting
in a pulse of smaller logs. Third, some trees are damaged at the
stem base and are killed by fire, and either fall shortly after the fire
or remain as standing dead trees for many years before collapsing.
Finally, trees that regenerate in gaps created by fire will contribute
to the log resource in the longer term.
The magnitude and rate of log consumption, tree death, tree
collapse and tree regeneration will depend on several aspects of
the fire regime, including fire severity and fire history. More severe
fires will result in the consumption of more logs and kill more
trees, but may obscure the effects of previous fire on CWD. Charac-
teristics of logs, including their size, moisture content and level of
decay, will affect their flammability; while the death and collapse
of trees will be influenced by the composition of tree species, tree
health and the (non-fire) disturbance history of the forest.
Moisture differentials associated with topographic position will
influence the abundance of logs and dead trees, as well as their
decay rate. Gullies, with their moister and more sheltered microcli-
mate, experience longer fire intervals than drier slopes, allowing
more time for logs to accumulate. These conditions allow growth
Fire
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Fig. 1. Conceptual model of log volume over time following a wildfire in a forest in which trees often survive severe fire. The side panels show the trajectories of logs from
four sources: (1) existing logs at the time of the fire (some of which are consumed by fire and those not consumed continue to decay); (2) input from live trees following fire
(branches are lost immediately following the fire, and after time these trees continue to drop branches, die and collapse); (3) trees killed by fire (a number of trees die and
collapse immediately following the fire, while some trees are killed but remain standing, and collapse as a cohort many years later); and (4) input from the next generation of
trees (seedlings that grow following the fire, reach maturity and begin to drop branches). The main plot shows the cumulative volume of logs from these sources. The specific
pattern of each log source will depend on the severity of the fire and topographic location (i.e. damp gullies or dry slopes). Trajectories may be affected by fire interval, with a
likely overall decline in log volume over time if short fire intervals do not allow regenerating trees to mature.
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of larger trees and, therefore, the potential production of larger
logs, but also promote more rapid decay. The moist conditions
and higher topographic relief may also mitigate the effects of fire
on CWD.
We used our conceptual model as a base to predict how topog-
raphy, fire severity, and fire history will interact to affect the avail-
ability of CWD 3.5 years after wildfire. We predict that:
1. Gullies will support a greater volume of large logs and greater
abundance of large dead trees than slopes.
2. Sites burnt in the 2009 wildfire will experience a reduction in
the volume of logs, especially small logs, and an increase in
the abundance of dead standing trees compared to sites not
burnt in the wildfire. The magnitude of change will be greater
at severely burnt than understorey burnt sites, and on slopes
compared to gullies.
3. Unburnt sites with a short fire history (time-since fire 63 years)
will have fewer logs, and more dead trees, compared to unburnt
sites with a long fire history (time-since-fire P20 years).
4. Sites in which only the understorey was burnt by wildfire will
have fewer logs, and more dead trees, when the fire history
was short (interval 63 years) compared to long (interval
P20 years), however differences will be small.
5. Severe wildfire will obscure the effects of previous fires, and
there will be no detectable effect of fire history.
2. Methods
2.1. Study area
On ‘Black Saturday’, 7 February 2009, two wildfires in central
Victoria, Australia, joined to form the Kilmore–Murrindindi fire
complex. The study area includes private land, townships, and
several State Forest and National Park reserves. Approximately half
of the 228,000 ha area burnt was foothill forest, a topographically
diverse forest system consisting of damp gullies and drier slopes.
Our study was undertaken in these foothill forests, which range
in elevation from 153 to 937 m and have a temperate climate with
mean annual rainfall of 1300 mm (Australian Government
Bureau of Meteorology). The drier slopes support eucalypt forests
dominated by messmate Eucalyptus obliqua and broad- or
narrow-leaf peppermint E. dives or E. radiata. The understorey is
characterised by a high cover and diversity of grasses and herbs,
with a variable shrub layer (Oates and Taranto, 2001). Damp gullies
are dominated by a mixture of Eucalyptus species, including mess-
mate, broad and narrow-leaf peppermint and blue gum E. globulus.
Gullies have a dense shrub layer, and a ground layer of herbs,
grasses, and moisture-dependent ferns (Oates and Taranto, 2001).
2.2. Study design and selection of study sites
Study sites were located within or adjacent to the perimeter of
the Kilmore–Murrindindi fire complex (Fig. 2). They were stratified
by (1) 2009 wildfire severity; and (2) fire history (time-since-fire
prior to the 2009 wildfire). Fire severity was categorised as either
(1) unburnt, (2) understorey burnt (canopy intact), or (3) severely
burnt (understorey burnt and canopy fully scorched or burnt). Fire
history was defined as ‘short’ when a site had been burnt 63 years
before 2009, or ‘long’ when a site had not burnt forP20 years prior
to 2009. These time-since-fire/fire interval periods were selected to
represent a strong contrast in fire history. Prescribed burning in
foothill forests can reduce fuels for 4–5 years, with negligible
effects after 10 years (Price and Bradstock, 2012; Leonard et al.,
2014). By 20 years after wildfire, these forests have reached vigor-
ous maturity (Cheal, 2010).
Fig. 2. Location of the study area. The 2009 ‘Black Saturday’ wildfire boundary is shown in black outline. Sites were stratified by the severity of the 2009 wildfire (unburnt,
understorey burnt and severely burnt) and fire history prior to wildfire (time-since-fire of 63 years or P20 years prior to 2009).
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We selected 24 sites that represented replicated combinations
of each level of fire severity and history (Fig. A.1 in Supplementary
material). Each site included a damp gully and drier slope which
had similar fire severities. We interrogated post-fire aerial images
and spatial layers using a geographic information system (GIS; Arc-
Map v 9.0) and spatial data layers of previous fire boundaries, tim-
ber harvesting history, and vegetation type (provided by the
Victorian Government). On-ground assessments were undertaken
to verify the accuracy of spatial layers. In severely burnt areas,
where evidence of previous burns was not visible, we relied on
the maps to determine fire history. While it is likely that all sites
had been selectively harvested within the previous 100 years, sites
were selected within areas that had no record of timber harvesting
within the last 50 years, and no evidence of previous clearcut
harvesting.
2.3. Sampling protocol
Surveys were undertaken 3.5 years after the 2009 wildfire. At
each site we surveyed logs and dead standing trees along two
200 m transects: one in a gully and one on a parallel slope,
100–150 m from the gully edge.
2.3.1. Logs
The diameter of each log (P10 cm diameter, P100 cm length)
that intersected a transect was measured at the point of intersec-
tion, and its angle to the transect recorded. The volume of logs
was estimated using a modified version of the line intersect
method (Warren and Olsen, 1964; Van Wagner, 1968). This
method assumes that the angles of logs along a transect are ran-
dom, giving a probability factor of encountering each log as 2/p.
In this study, logs were consistently more likely to lie across the
slope or gully than parallel to it. To correct this non-random distri-
bution, we calculated the probability factor of encountering a log
on our transects using the angles of all surveyed logs. Incorporating
this factor, log volume (V) (m3 ha1) was estimated using the
equation:
V ¼ 1:229276 p
P
d2
4L
 100 ð1Þ
where d = diameter (m) at right angles to the length of the log and
L = length (m) of the transect.
2.3.2. Trees and stumps
The diameter (at breast height, DBH) of each live and dead tree
stemP1.5 m tall was measured within a 100  10 m belt transect
in the gully and slope, respectively. The mean DBH of all stems was
calculated for each transect. Cut tree stumps (<1.5 m tall) were sur-
veyed and the basal area (m2 0.1 ha1) was calculated to approxi-
mate the prior timber harvesting intensity at each site.
2.4. Statistical analysis
2.4.1. Response variables
Statistical modelling proceeded in two stages. First, to test ini-
tial predictions about the interacting effects of topography and fire
severity, we modelled the volume of small and large logs, and the
abundance of small and large dead trees, by the interaction of
topography with fire severity. Second, we investigated the effects
of fire regimes and timber harvesting on small logs, large logs,
small dead trees and large dead trees separately for gully and slope
transects. Two-stage modelling avoided the inclusion of the
three-way interaction term between fire severity, fire history and
topography. High order interaction terms are difficult to model
successfully and difficult to interpret in an ecologically meaningful
way, particularly when predictor variables are categorical.
Response variables were modelled using generalised linear
mixed-effects models, which allow the inclusion of random group-
ing factors (Zuur et al., 2009). The volume of logs was modelled
assuming a Gaussian distribution of errors, with values being
log10 transformed to improve normality (with a constant of 0.01
added to all data points if zero values were present). The abun-
dance of dead trees was modelled assuming a Poisson distribution.
2.4.2. Fire regime predictor variables and model building
Predictor variables were chosen to represent components of the
fire regime (i.e. fire severity and fire history) and to account for
stem size of standing trees and past timber harvesting. The vari-
ables ‘fire severity’ (unburnt, understorey burnt, or severely burnt),
‘fire history’ (short or long), ‘tree DBH’ (mean DBH of live and dead
stems; cm), and ‘cut stumps’ (basal area m2 0.1 ha1) were consid-
ered ecologically plausible predictors for all response variables,
with the exception of ‘tree DBH’ in models of dead trees.
In the first stage of modelling, we used the model ‘topogra-
phy  fire severity’ to determine whether the interaction term
was important. In the second stage, the model set comprised three
combinations of fire regime components: ‘fire severity’, ‘fire sever-
ity + fire history’, and ‘fire severity  fire history’. Each model of log
volume also included ‘tree DBH’ and ‘cut stumps’, while each
model of dead tree abundance included ‘cut stumps’. ‘Fire history’
was only modelled in combination with ‘fire severity’, as it is eco-
logically implausible that fire history would affect the response
variables independently of fire severity following a large wildfire.
We included random effects to account for potential spatial
autocorrelation of model residuals due to sites being clustered
within reserves, and gully and slope transects being paired. Thus,
‘reserve’ was included in all models; and ‘site’ was included in
models that included the predictor variable ‘topography’. Where
necessary, an observation-level random effect was included in
Poisson family models to account for overdispersion in model
residuals (Nakagawa and Schielzeth, 2010). Model fit was quanti-
fied using the marginal (fixed terms only) and conditional (full
model) R2 values of the global model (Nakagawa and Schielzeth,
2013).
Scatter plots of each response variable by each continuous pre-
dictor were created to check linearity of response, and no evidence
for non-linear relationships was found. There was no evidence of
excessive correlation of predictor variables (Pearson pair-wise cor-
relation coefficients <0.6).
2.4.3. Model selection
When modelling CWD on gullies and slopes separately, we
employed an information theoretic approach to identify the mod-
el(s) with most support. Akaike’s information criterion for small
sample sizes (AICc) was used to rank models. If there were multiple
models with substantial support (i.e. multiple models with an AICc
difference 62 of the top ranked model), we inferred from all such
models. We did not model average, as we were interested in the
importance of the interaction term, for which model averaging is
problematic (Dochtermann and Jenkins, 2011). Predictor variables
were regarded as important if the 90% confidence interval did not
include zero. We chose to use the 90% confidence interval due to
the relatively small sample size (24 sites) and the possible manage-
ment implications of underestimating the importance of fire on
CWD (Smith et al., 2013).
Statistical analyses were undertaken using the R statistical
package version 2.15.2 (R Development Core Team, 2010). We used
the ‘lme4’ package for regression modelling (Bates and Maechler,
2011), the ‘MuMIn’ package for model selection (Barton´, 2009),
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and the AICcmodavg package for creating model predictions
(Mazerolle, 2012).
3. Results
Following initial modelling to determine whether topography
and fire severity interacted to influence CWD availability (see
Table A.1 for parameter coefficients and model fits), we developed
separate model sets for gullies and slopes to test the relative influ-
ence of fire regime components and timber harvesting on the vol-
ume of small and large logs and the abundance of small and large
dead trees in gullies and on slopes. A single ‘best model’ was evi-
dent for all CWD components except small logs in gullies, for
which we based our inferences on the two models with support
(Table 1).
3.1. Effects of topography, fire, timber harvesting and tree size on logs
Modelling gullies and slopes together revealed an important
interaction between fire severity and topography for small logs.
There was a higher volume of small logs in gullies than on slopes
in unburnt and understorey burnt sites, but in severely burnt sites
there were more small logs on slopes (Fig. 3a). The volume of large
logs was greater in gullies than on slopes, regardless of fire severity
(Fig. 3b).
When gully sites were modelled alone, the models ‘fire severity’
and ‘fire severity + fire history’ had support for the volume of small
logs (Table 1). Model estimates and confidence intervals indicated
that fire severity and fire history had important influences on the
volume of small logs (Table A.2). The volume of small logs was
lower in severely burnt than unburnt gullies, and fire history had
an additive effect to fire severity, such that in each severity cate-
gory (including unburnt), gullies with a short fire history
(63 years) had lower volumes of small logs than those with a long
fire history (P20 years) (Fig. 4).
The fire severity model was the best model explaining the vol-
ume of large logs in gullies and both small and large logs on slopes
(Table 1); however, no predictor variables were important in
explaining these response variables (Tables A.2 and A.3).
3.2. Effects of topography, fire and timber harvesting on dead standing
trees
Modelling gullies and slopes together showed that small dead
trees were more abundant in severely burnt sites than unburnt
sites (Fig. 3c). They were also generally more abundant on slopes
than in gullies, with this difference most pronounced in understo-
rey burnt sites (i.e. an important topography  fire severity
interaction; Fig. 3c). Large dead trees were more abundant in
severely burnt sites than unburnt (Fig. 3d).
When gullies were modelled alone, dead tree abundance was
best explained by the fire severity model (Table 1). There was an
increased abundance of large dead trees in severely burnt gullies
compared to unburnt gullies (Fig. 5), but fire severity did not have
an important influence on small dead trees (Table A.3).
On slopes, fire severity was the preferred model explaining the
abundance of small and large dead trees (Table 1), but no variables
were important (Table A.3).
4. Discussion
Despite the important role of coarse woody debris in ecosystem
function (Harmon et al., 1986; Tinker and Knight, 2000), the effects
of multiple fire regime components on CWD have rarely been stud-
ied concurrently. Here, we have demonstrated that the availability
of CWD is influenced by two components of the fire regime – fire
severity and fire history – and that the response of structural com-
ponents to fire depends both on their size and topographic
location.
4.1. Fire severity
Log volume and abundance of dead trees in gullies were influ-
enced by fire severity 3.5 years after wildfire, but there was less
evidence of an effect of fire severity on CWD on slopes. While ini-
tial models of topography and fire severity indicated that the abun-
dance of small and large dead trees on both slopes and gullies
increased after severe wildfire, when CWD was modelled sepa-
rately for slopes and gullies, only small logs in gullies and large
dead trees in gullies were affected by fire severity. The apparent
stronger effects of severe wildfire in gullies than slopes may have
occurred as a result of either replacement of logs on slopes but
not in gullies, and/or higher loss of logs in gullies compared to
slopes. Moisture stress before fire has been associated with
increased tree death after fire (van Mantgem et al., 2013), and it
is likely that the decade-long drought prior to 2009 negatively
affected the health and resilience of trees, particularly on dry
slopes (Bennett et al., 2013). Fire-related tree death may therefore
have been higher on slopes than in gullies, with rapid fall of
branches and collapse of trees on slopes replacing logs consumed
by fire. The dip in log volume following wildfire that we expected
(conceptual model; Fig. 1) may, therefore, have occurred prior to
our surveys. If this is the case, the availability of logs on slopes will
decrease in the coming decades, as the trees that were most likely
to collapse have already done so. Additionally, although gullies
more often escape fire (Leonard et al., 2014), when gullies burn
following long dry periods, the accumulation of dry fuels can result
Table 1
Candidate models for the volume of small and large logs and the abundance of small and large dead trees 3.5 years after a large wildfire. Included are log-likelihood values
(Log(L)), degrees of freedom (df), AICc values, AICc differences (Di), Akaike weights (Wi), and R2 values of the fixed terms (marginal) and fixed and random terms (conditional).
Only models with AICc differences 62 are shown. All models included the variable ‘cut stumps’ to account for past timber harvesting and models of log volume also included the
variable ‘tree DBH’ to account for variation in the size of standing trees.
Topography Response Model df Log(L) AICc Di Wi R2 (marginal) R2 (conditional)
Gully Small logs Severity 7 17.56 56.1 0.00 0.62 0.22 0.46
Severity + history 8 15.74 57.1 0.96 0.38 0.27 0.59
Large logs Severity 7 23.16 67.3 0.00 0.90 0.16 0.16
Small dead trees Severity 6 56.88 130.7 0.00 0.85 0.19 0.19
Large dead trees Severity 6 36.82 90.6 0.00 0.87 0.18 0.38
Slope Small logs Severity 7 6.84 34.7 0.00 0.90 0.16 0.16
Large logs Severity 7 22.67 66.3 0.00 0.82 0.05 0.05
Small dead trees Severity 6 67.89 152.7 0.00 0.84 0.10 0.42
Large dead trees Severity 6 39.66 96.3 0.00 0.85 0.14 0.14
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in severe fire effects (Pettit and Naiman, 2007), sometimes more
severe than surrounding slopes (Segura and Snook, 1992).
There was some indication of loss of large logs in severely burnt
gullies and slopes, but the confidence intervals were large relative
to effect sizes. Large logs and dead trees are rare in the landscape,
and the study may not have had sufficient power to detect small
changes in their availability. Loss of large logs and dead trees is
important, because they have disproportionate habitat value for
flora and fauna (Harmon et al., 1986; Lindenmayer et al., 2000).
4.2. Fire history
A short time-since-fire or fire interval can reduce the availabil-
ity of logs (Catling, 1991; Spencer and Baxter, 2006) but increase
the abundance of dead trees (Harmon et al., 1986). We predicted
that this would be the case in our study, but that any effects
would be obscured by severe wildfire. We found no effects of fire
history on logs or dead trees on slopes, regardless of wildfire
severity, indicating that prior fires, which were predominantly
low severity prescribed fires, did not substantially affect CWD
on slopes.
In gullies, severe wildfire did not obscure the effects of fire his-
tory on small logs; a short fire history reduced volumes of small
logs in all fire severity categories. While prescribed fires can con-
sume logs (Fahnestock and Agee, 1983; Knapp et al., 2005), the
effects of prescribed fire on habitat structure in moist gullies are
often negligible (Bêche et al., 2005). We found that dead tree abun-
dance in gullies was not largely affected by fire history, consistent
Fig. 3. Predicted volume (±SE) of (a) small (10–30 cm diameter) and (b) large (>30 cm diameter) logs (log10), and predicted abundance (±SE) of (c) small and (d) large dead
trees from generalised linear mixed models that included the fixed predictor variables topography, fire severity, and their interaction.
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with evidence that dead trees collapse predominantly following
severe wildfire (Collins et al., 2012a). Drought conditions prior to
fires, however, may result in log combustion and even low severity
fires should not be considered benign.
4.3. Topography and timber harvesting
Consistent with our predictions, gullies had higher volumes of
logs than slopes, with the exception of small logs in severely burnt
sites. Large logs, which provide the most important ecosystem
functions (Harmon et al., 1986), showed a particularly strong asso-
ciation with gullies. Logs are more abundant in gullies in various
forest types (Webster and Jenkins, 2005; Collins et al., 2012a), as
moist gullies are highly productive. We expected to find more large
dead trees in gullies than on slopes, but abundances did not differ.
The higher volume of large logs, but not large dead trees, in gullies
compared to slopes may be the result of a higher rate of collapse of
dead trees in gullies during wet periods (Franklin et al., 1987), as
well as past timber harvesting of large trees across the study area.
Timber harvesting removes potential CWD, but can also cause an
influx of logs if cut stems are left onsite. Felled rotten stems were
historically left onsite (Grove, 2001) which, in our study area, may
have contributed to the higher volume of large logs in gullies than
on slopes. Our estimation of the basal area of cut stumps, and
therefore the role of timber harvesting in shaping CWD dynamics,
is most likely an underestimate, as it was difficult to determine
whether burnt out stumps were the result of timber harvesting
or natural tree fall.
4.4. Foothill forests and effects on fauna
Foothill forests in south-eastern Australia are composed of trees
which predominantly survive even severe fire, resprouting from
the stem and canopy. The impacts of wildfire on CWD appear to
be smaller in these forests compared with systems where whole
stands of trees are killed by fire (Harmon et al., 1986). Forests that
experience only patchy tree death are unlikely to experience
extreme shifts in forest type, which can occur when stand replac-
ing fire intervals are insufficient for trees to reach maturity
(Lindenmayer, 2009). The exception in our system may be some
damp gullies, as frequent fire will encourage drying, and therefore
fire, resulting in changes in species composition (Pettit and
Naiman, 2007).
Many animal species use CWD for shelter, nesting and foraging
(Harmon et al., 1986; Lindenmayer and Franklin, 2002), and fire-
mediated changes to their habitat have long-term impacts on per-
sistence (Smith et al., 2013). For example, decreased fecundity was
observed in a population of hollow-dependent mountain brushtail
possums Trichosurus cunninghamii after loss of den trees following
wildfire (Banks et al., 2011); while saproxylic invertebrates are
threatened by fire regimes that reduce the abundance of dead
wood (Davies et al., 2008). Large logs, which provide important
habitat for fauna (Harmon et al., 1986), were resistant to fire in
our system, potentially providing habitat legacies (Foster et al.,
1998). Small logs, which were reduced by fire in gullies, provide
relatively fewer ecosystem services (Harmon et al., 1986), but do
provide important habitat for some species (Nordén et al., 2004;
Brin et al., 2011). Severe wildfire resulted in more large dead trees
Fig. 4. Predicted volume (±SE) of small (10–30 cm diameter) logs (log10) in gullies
in unburnt, understorey burnt and severely burnt sites with long (P20 years) and
short (63 years) fire history. Tree diameter and cut stump basal area are kept
constant at mean values.
Fig. 5. Predicted abundance (±SE) of large (>30 cm diameter) dead trees in gullies in
unburnt, understorey burnt and severely burnt sites. The basal area of cut stumps is
kept constant at the mean value.
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in gullies: this may increase the availability of hollows and other
resources while these standing trees decay (Inions et al., 1989),
but depletes the availability of large living trees. Thus, wildfire
both removes and creates CWD from ecosystems. The persistence
of native fauna species in many ecosystems is threatened by hab-
itat loss (Millennium Ecosystem Assessment, 2005), and the influ-
ence of wildfire, prescribed fire and timber harvesting should be
managed to ensure that CWD is not depleted over time.
5. Implications and conclusions
Our results suggest that, while coarse woody debris in foothill
forests is relatively resilient to fire, both wildfire severity and fire
history are important determinants of CWD dynamics. Damp gul-
lies, which support the greatest abundance of CWD in this system
and many others (e.g. Webster and Jenkins, 2005; Collins et al.,
2012a), may be particularly vulnerable to changed fire regimes
(Bradstock et al., 2010). Frequent fires in gullies, particularly severe
wildfires, will reduce the existing CWD resource, and will slow the
accumulation of CWD that occurs when gullies remain unburnt for
many years. Reduced CWD could, in turn, lead to diminishing
fauna populations, particularly as animals may use gullies as both
drought and fire refuges (Mackey et al., 2012; Robinson et al.,
2013).
Use of low-severity prescribed fire for ecological management
of forests should be carefully planned to ensure that some areas
remain unburnt for many years. Long unburnt ‘fire refuges’ provide
distinct habitats in many ecosystems (Robinson et al., 2013). Foot-
hill forests reach vigorous maturity within 20 years, but large
reserves of CWD, as well as habitat components such as tree hol-
lows, may take many more years to develop (Cheal, 2010). During
times of drought, prescribed fire may not be an appropriate ecolog-
ical management tool, and measures will be required to exclude
fuel reduction fires from damp gullies.
This study has revealed important effects of fire regime compo-
nents on CWD at a ‘snap shot’ in time, but was not able to examine
changes in CWD over time. Our conceptual model provides a useful
framework for designing longer-term studies to investigate and
test the complex interactions between fire regimes and landscape
processes.
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IRUVRPHVSHFLHVRISODQWVDQGDQLPDOV5HIXJHVPD\
DOVREHFUHDWHGE\UHGXFLQJÀUHIXHOORDGV3ODQQHG
EXUQLQJFDQUHGXFHIXHOVXFKWKDWDSDUWLFXODUVLWHLVOHVV
OLNHO\WREXUQLQDVXEVHTXHQWEXVKÀUHRULWFDQEHXVHG
VWUDWHJLFDOO\WRSUHYHQWDEXVKÀUHVSUHDGLQJLQWRDGMDFHQW
XQEXUQWKDELWDW
5HIXJHIXQFWLRQ3DWFKHVPD\DOORZSODQWVDQGDQLPDOV
WRHVFDSHLQFLQHUDWLRQ+RZHYHUORQJHUWHUPSHUVLVWHQFH
DQGUHFRORQL]DWLRQGHSHQGRQSDWFKDWWULEXWHVLHWKH
GHJUHHWRZKLFKDSDWFKSURYLGHVWKHUHVRXUFHVQHHGHG
E\RUJDQLVPV7KHUHODWLYHLPSRUWDQFHRIDWWULEXWHV
UHSUHVHQWHGKHUHE\WKHWKLFNQHVVRIEDUVYDULHVRYHU
WLPHDIWHUÀUH
8QEXUQWIRUHVWSDWFKHVZLWKLQWKH.LOPRUH0XUULQGLQGLÀUHERXQGDU\
8QEXUQWIRUHVWSDWFKHVZLWKLQ
WKHÀUHERXQGDU\ZHUHUDUHQRWH
WKDWPXFKRIWKHDUHDPDSSHGDV
XQEXUQWFDQRS\LQWKHPDSRQWKH
SUHYLRXVSDJHZDVJURXQGEXUQW
([DPLQDWLRQRIDHULDOSKRWRJUDSKV
WDNHQDIWHUWKHÀUHUHYHDOHGRQO\
XQEXUQWSDWFKHVJUHDWHUWKDQ
KDLQVL]HUDQJHIURP²
KDWRJHWKHUPDNLQJXSOHVVWKDQ
RIWKHRYHUDOOÀUHDUHD7KHVH
PRVWO\FRQVLVWHGRIUDLQIRUHVWRU
ZHWHXFDO\SWIRUHVWDORQJJXOOLHV
8QEXUQWSDWFKHVZHUHPRVWOLNHO\
to arise due to moister fuels in 
VKHOWHUHGORFDWLRQV
+RZHYHUDVPDOOQXPEHURIXQEXUQW
SDWFKHVRFFXUUHGLQGU\HXFDO\SW
IRUHVW7KHVHSDWFKHVZHUHPRUH
FRPPRQZKHUHEXUQLQJKDG
RFFXUUHGOHVVWKDQWKUHH\HDUVSULRU
WRWKHEXVKÀUHV
8QEXUQWIRUHVW 
SDWFKHVJUHHQZLWKLQ
WKHÀUHERXQGDU\
$W\SLFDOXQEXUQWSDWFK
UDLQIRUHVWYHJHWDWLRQ
DORQJJXOO\OLQHV
)LUHVHYHULW\UHIHUVWRWKHGHJUHHRIGDPDJHWRYHJHWDWLRQFDXVHGE\ÀUH)LUHVHYHULW\KDGDVWURQJHIIHFWRQWKH
YHJHWDWLRQVWUXFWXUHSUHVHQW\HDUVSRVWÀUHZKHQWKLVVWXG\ZDVXQGHUWDNHQ&URZQEXUQDQGFURZQVFRUFKVLWHV
KDGDGHQVHOD\HURIHXFDO\SWVHHGOLQJVDQGVDSOLQJVWKDWKDGJHUPLQDWHGSRVWÀUH*URXQGEXUQWVLWHVWHQGHGWR
KDYHIHZHUVKUXEVWKDQVLWHVWKDWUHPDLQHGXQEXUQW7KHUHVSRQVHRIWKHIDXQDWRÀUHVHYHULW\UHÁHFWVDUHVSRQVHWR
YHJHWDWLRQVWUXFWXUHUDWKHUWKDQWRÀUHVHYHULW\SHUVH
Appendix 3
6WXG\VLWHVDFURVVWKHUHJLRQ7KHERXQGDU\RIWKH.LOPRUH0XUULQGLQGL
EXVKÀUHLVVKRZQLQEODFN
Research questions
+RZFRPPRQDUHXQEXUQWSDWFKHVRIIRUHVWDIWHUDPDMRUEXVKÀUHDQGZKDWGHWHUPLQHVWKHLUGLVWULEXWLRQ"
7RZKDWH[WHQWGRUHFHQWSODQQHGEXUQVPRGHUDWHWKHLPSDFWRIDODUJHEXVKÀUHRQIDXQDDQGÁRUDWKURXJKWKH
FUHDWLRQRIXQEXUQWRUOHVVVHYHUHO\EXUQWUHIXJHDUHDV"
+RZLPSRUWDQWLVWKHH[WHQWRIQDWXUDODQGWUDQVLHQWIXHOUHGXFHGUHIXJHDUHDVLQPDLQWDLQLQJWKHGLYHUVLW\RI
RUJDQLVPVLQWKHODQGVFDSHDQGGRHVWKHLULPSRUWDQFHGLIIHUEHWZHHQGLIIHUHQWNLQGVRISODQWVDQGDQLPDOV"
We conducted 
targeted surveys 
DW\HDUVSRVWEXVKÀUHIRU
• ELUGV
• PDPPDOV
• LQYHUWHEUDWHV
• YHJHWDWLRQVWUXFWXUH
• YDVFXODUSODQWV
• EU\RSK\WHV
%U\RSK\WHVDQGÀUH
)RUW\VSHFLHVRIEU\RSK\WHVVSHFLHVRI
PRVVHVOLYHUZRUWVZHUHGHWHFWHGDWVLWHVLQ
GU\IRUHVWVXUYH\HG\HDUVSRVWÀUH0RVW
VSHFLHVQ ZHUHUHFRUGHGDWRQHRUWZR
VLWHVRQO\)LUHVHYHULW\KDGDVWURQJLQÁXHQFH
RQERWKWKHVSHFLHVULFKQHVVDQGFRPSRVLWLRQ
RIEU\RSK\WHV)RUHVWVLWHVWKDWZHUHXQEXUQW
RUKDGRQO\WKHXQGHUVWRUH\EXUQWKDGPRUH
VSHFLHVWKDQVLWHVZLWKFDQRS\VFRUFKRU
FDQRS\EXUQ,QSDUWLFXODUXQEXUQWVLWHVKDG
DGLVWLQFWLYHEU\RSK\WHFRPPXQLW\WKDWGLIIHUHG
PDUNHGO\IURPDOOW\SHVRIEXUQWVLWHV
(IIHFWVRIÀUHVHYHULW\
Birds
$WRWDORIELUGVSHFLHVZDVUHFRUGHGGXULQJVXUYH\V7KHQXPEHURIVSHFLHV
DQGWKHDEXQGDQFHRIELUGVZDVORZHUDWVLWHVWKDWZHUHEXUQWPRUHVHYHUHO\
7KHFRPSRVLWLRQRIELUGFRPPXQLWLHVDOVRZDVLQÁXHQFHGE\ÀUHVHYHULW\
6RPHVSHFLHVVXFKDVWKH)ODPH5RELQWKDWIDYRXUVRSHQKDELWDWZHUHPRUH
FRPPRQLQVHYHUHO\EXUQWVLWHVZKLOHRWKHUVSHFLHVVXFKDV(DVWHUQ6SLQHELOO
(DVWHUQ<HOORZ5RELQDQG6LOYHUH\HZHUHPRUHFRPPRQLQXQEXUQWVLWHV
)ODPH5RELQ6LOYHUH\H
Mammals
6L[VSHFLHVRIarboreal mammalsZHUHREVHUYHGGXULQJVXUYH\VDOOLQORZ
GHQVLW\7KHRYHUDOODEXQGDQFHRIDUERUHDOPDPPDOVDQGRIWKH*UHDWHU
*OLGHUZHUHORZHULQVHYHUHO\EXUQWVLWHVFURZQVFRUFKRUFURZQEXUQEXW
GLGQRWGLIIHUEHWZHHQXQEXUQWVLWHVDQGJURXQGEXUQWVLWHV,QVHYHUHO\
EXUQHGIRUHVWLVRODWLRQZDVLPSRUWDQW$UERUHDOPDPPDOVZHUHPRUH
FRPPRQZLWKLQFUHDVLQJDPRXQWVRIXQEXUQWRUJURXQGEXUQWIRUHVWQHDUE\
ZLWKLQNPUDGLXV
Terrestrial mammalsRYHUDOOGLGQRWVKRZVWURQJUHVSRQVHVWRÀUHVHYHULW\
DW\HDUVSRVWÀUH+RZHYHUWKH%XVK5DWZDVPRUHFRPPRQLQVHYHUHO\
EXUQWVLWHVWKDQLQXQEXUQWVLWHVZKLOHWKH$JLOH$QWHFKLQXVZDVPRUH
FRPPRQLQXQEXUQWVLWHVWKDQJURXQGEXUQWVLWHV
6XJDU*OLGHU
DQGRWKHU
DUERUHDO
PDPPDOV
ZHUHVFDUFHLQ
VHYHUHO\EXUQW
VLWHV
&RPPRQ
%UXVKWDLO
3RVVXP
GHWHFWHGE\
DUHPRWH
FDPHUD
,QYHUWHEUDWHVOHDIOLWWHUDQGÀUH
,QYHUWHEUDWHVSOD\DNH\UROHLQEUHDNLQJGRZQOHDIOLWWHULQ
IRUHVWV7KLVLVLPSRUWDQWIRUQXWULHQWF\FOLQJDQGDOVRUHGXFHV
IXHOEXLOGXS
6HYHUHÀUHUHVXOWVLQFRPSOHWHORVVRIKDELWDWIRUOLWWHUIHHGLQJDQG
GZHOOLQJPDFURLQYHUWHEUDWHV)RUPRLVWXUHGHSHQGHQWZLQJOHVV
VSHFLHVVXFKDVQDWLYHZRRGOLFHWKLVPD\UHVXOWQRWRQO\LQ
ORFDOH[WLQFWLRQEXWPD\LQKLELWWKHLUFDSDFLW\IRUUHFRORQLVDWLRQ
DIWHUÀUH/LWWHUGZHOOLQJLQYHUWHEUDWHVLQFOXGLQJEHHWOHVZHUH
OHVVDEXQGDQWDQGOHVVGLYHUVHLQPRUHVHYHUHO\EXUQWVLWHV
WKUHH\HDUVDIWHUÀUH)LUHKDGDQHJDWLYHHIIHFWRQDQXPEHURI
LQYHUWHEUDWHIDPLOLHVLQFOXGLQJHDUWKZRUPVPLOOLSHGHVQDWLYH
ZRRGOLFHURYHEHHWOHVDQGQRQELWLQJPLGJHV
6RPHLQYHUWHEUDWHVDSSHDUWRGHSHQGRQORQJXQEXUQWVLWHV
WRSHUVLVWLQWKHODQGVFDSH2QHIDPLO\RIQDWLYHZRRGOLFHZDV
IRXQGRQO\LQGHHSGULIWVRIOHDIOLWWHUDWORQJXQEXUQWVLWHV7KLV
VXJJHVWVWKDWWKLVJURXSLVYXOQHUDEOHWRERWKEXVKÀUHVDQG
SODQQHGEXUQV
7KHGLYHUVLW\RIEHHWOHVSHFLHVLVVHQVLWLYHWR
ÀUHVHYHULW\
:RRGOLFH
GHSHQGRQ
OHDIOLWWHUDQG
DUHYXOQHUDEOH
WRÀUH
LQYROYHGD¶QDWXUDO
H[SHULPHQW·:HVHOHFWHGVLWHVWR
UHSUHVHQWFRPELQDWLRQVRIWZRPDLQ
DWWULEXWHV
a)GLIIHUHQWÀUHVHYHULWLHVDIWHUWKH
ÀUHLHQRWEXUQHGJURXQG
EXUQFDQRS\VFRUFKFDQRS\EXUQ
b)GLIIHUHQWÀUHKLVWRULHVEHIRUHWKH
EXVKÀUHLHEXUQHG\HDUVSULRU
RUQRWEXUQHGIRU!\HDUVSULRUWR
WKHEXVKÀUH
6LWHVZHUHZLWKLQRUFORVHWRWKH
SHULPHWHURIWKHÀUHSOXV
UHIHUHQFHVLWHV!NPRXWVLGHWKH
ÀUHERXQGDU\LQIRRWKLOOHXFDO\SW
IRUHVWVLHQRWLQFOXGLQJZHW
PRXQWDLQIRUHVWV(DFKVLWHZDV
KDDQGHQFRPSDVVHGDJXOO\
DQGDGMDFHQWVORSH7KHIRUHVW
YHJHWDWLRQFRPSULVHGWZRPDLQ
(FRORJLFDO9HJHWDWLRQ&ODVVHV'DPS
)RUHVWJXOOLHVDQG+HUEULFK)RRWKLOO
)RUHVWVORSHV
Our study  
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Appendix 3
Gullies and slopes
7RSRJUDSK\LVDPDMRUVRXUFHRIYDULDWLRQLQWKHODQGVFDSHZLWKVORSHDVSHFWDQG
ODQGVFDSHSRVLWLRQLQÁXHQFLQJVRLOVYHJHWDWLRQDQGÀUHEHKDYLRXU*XOOLHVDUHLPSRUWDQW
KDELWDWIHDWXUHVWKH\RIWHQDUHPRUHSURGXFWLYHDQGFRQWDLQPRUHFRPSOH[YHJHWDWLRQ
DQGDKLJKHUDEXQGDQFHRIKROORZORJVDQGWUHHVWKDQDGMDFHQWVORSHV:HLQYHVWLJDWHG
WKHHIIHFWRIWKHLQWHUDFWLRQRIÀUHDQGWRSRJUDSK\RQSODQWVDQGDQLPDOVE\FRPSDULQJ
UHVSRQVHVEHWZHHQJXOOLHVDQGVORSHV
$QXQEXUQWJXOO\
Birds
6HYHUHÀUHLVVRPHWLPHVWKRXJKW
WRKDYHDQKRPRJHQLVLQJHIIHFWRQ
ODQGVFDSHVUHGXFLQJDOOVLWHVWRD
FRPPRQEDVHOLQH:HK\SRWKHVLVHG
WKDWZLWKLQFUHDVLQJÀUHVHYHULW\
WKHGLIIHUHQFHVLQKDELWDWDWWULEXWHV
DQGKHQFHELUGFRPPXQLWLHV
EHWZHHQJXOOLHVDQGVORSHVZRXOG
EHGLPLQLVKHG7KLVZDVQRWWKH
FDVH$FURVVDOOÀUHVHYHULW\FODVVHV
JXOOLHVKDGDPRUHELUGVSHFLHVDQG
EPRUHELUGVWKDQVORSHV
Logs
/RJVDUHLPSRUWDQWKDELWDWIHDWXUHVLQIRUHVWV)LUHFDQERWKFUHDWHORJVE\
FDXVLQJWUHHFROODSVHDQGUHPRYHWKHPE\EXUQLQJ:HIRXQGWKDWODUJH
ORJV!FPGLDPHWHUZHUHPRUHFRPPRQLQJXOOLHVWKDQRQVORSHV7KHUH
ZHUHIHZHUVPDOOORJVLQJXOOLHVVXEMHFWWRVHYHUHÀUHEXWRWKHUZLVHWKHUHZDV
QRQHWHIIHFWRIÀUHRQWKHDEXQGDQFHRIORJVLQHLWKHUJXOOLHVRUVORSHV
Mammals
$UERUHDOPDPPDOVWHQGHGWREHPRUHDEXQGDQWLQJXOOLHVWKDQRQVORSHVSUREDEO\EHFDXVHJXOOLHVRIWHQKDYHPRUH
ODUJHWUHHVWKDQVORSHV7KHUHODWLRQVKLSVRIJURXQGGZHOOLQJPDPPDOVWRWRSRJUDSK\ZHUHPL[HG6RPHVXFKDV
WKH%XVK5DWZHUHGHWHFWHGPRUHFRPPRQO\LQJXOOLHVWKDQRQVORSHVZKLOHWKHUHYHUVHZDVWKHFDVHIRUGHWHFWLRQV
RIWKH%ODFN:DOODE\DQG&RPPRQ:RPEDW7KH$JLOH$QWHFKLQXVZDVJHQHUDOO\PRUHOLNHO\WREHUHFRUGHGLQJXOOLHV
H[FHSWDWJURXQGEXUQWVLWHVZKHUHLWZDVPRUHFRPPRQO\SUHVHQWRQVORSHV
'RO\UHELUGVFUHDWHÀUHEUHDNV"
7KH6XSHUE/\UHELUGLVDQLFRQLFVSHFLHVZHOONQRZQIRULWVPLPLFU\DQG
VSHFWDFXODUSOXPDJH%\UDNLQJWKURXJKOHDIOLWWHUZKHQIRUDJLQJO\UHELUGV
SOD\DQLPSRUWDQWUROHLQGHFRPSRVLWLRQDQGQXWULHQWF\FOLQJ%\XVLQJ
H[FOXVLRQSORWVZHIRXQGWKDWO\UHELUGVUHGXFHGOLWWHUIXHOORDGVE\W
KDRURQDYHUDJHRYHUDQLQHPRQWKSHULRG/\UHELUGIRUDJLQJDOVR
LQKLELWHGVKUXEDQGIHUQHVWDEOLVKPHQWUHGXFLQJKRUL]RQWDODQGYHUWLFDO
IXHOFRQWLQXLW\7KHUHGXFWLRQLQOLWWHUIXHOORDGE\O\UHELUGVZDVSUHGLFWHGWR
UHVXOWLQVLJQLÀFDQWO\ORZHUÁDPHKHLJKWVDQGÀUHUDWHRIVSUHDGXVLQJWKH
0DF$UWKXU0NÀUHEHKDYLRXUPRGHO
/\UHELUGIRUDJLQJZDVFRQFHQWUDWHGLQXQEXUQWJXOOLHV:HSURSRVHD
SRVLWLYHIHHGEDFNORRSZKHUHE\O\UHELUGIRUDJLQJGHFUHDVHVWKHOLNHOLKRRG
DQGRUVHYHULW\RIÀUHDQGPDLQWDLQVWKHLUIDYRXUHGIRUDJLQJKDELWDW'HQVH
SODQWUHJHQHUDWLRQDIWHUVHYHUHÀUHPD\LQKLELWO\UHELUGIRUDJLQJOHDGLQJWR
EXLOGXSRIOLWWHUDQGGHQVHVKUXEDQGIHUQJURZWKSURPRWLQJIXUWKHUÀUH
$ERYH/\UHELUGIRUDJLQJ
%HORZ6SDUVHOLWWHUOD\HUDVD
UHVXOWRIO\UHELUGIRUDJLQJ
+RZGRHVSODQQHGEXUQLQJLQÁXHQFHWKHHIIHFWVRIDODUJHEXVKÀUH"
$PDMRUIRFXVRIWKHVWXG\ZDVWRVKHGOLJKWRQWKHLQWHUDFWLRQVRISODQQHGEXUQLQJDQGEXVKÀUH:LWKEXVKÀUHV
SUHGLFWHGWREHFRPHPRUHIUHTXHQWDQGVHYHUHDVFOLPDWHFKDQJHWDNHVHIIHFWSODQQHGEXUQLQJLQFUHDVLQJO\LVVHHQ
DVDPHDQVRIUHGXFLQJWKHQHJDWLYHLPSDFWVRIEXVKÀUHRQERWKKXPDQDVVHWVDQGHFRORJLFDOYDOXHV+RZHYHUWKH
HFRORJ\RISODQQHGEXUQLQJUHPDLQVSRRUO\XQGHUVWRRG
Planned burning and unburnt patch occurrence
0RVWRIWKHXQEXUQWIRUHVWSDWFKHVLGHQWLÀHGZLWKLQWKHÀUHERXQGDU\ZHUH
LQJXOOLHVYHJHWDWHGE\ZHWHXFDO\SWIRUHVWRUUDLQIRUHVW,QJHQHUDOWLPHVLQFH
ÀUHDVXUURJDWHIRUIXHOORDGKDGOLPLWHGLQÁXHQFHRQZKHWKHUSDWFKHVEXUQW
RUQRW+RZHYHULQGU\HXFDO\SWIRUHVWZKLOHJXOOLHVZHUHVWLOOOHVVOLNHO\WR
EXUQUHFHQWSODQQHGEXUQLQJGHFUHDVHGWKHFKDQFHVRIDVLWHEXUQLQJLQWKH
EXVKÀUH7KLVGLIIHUHQFHDSSHDUVWREHGXHWRYDULDWLRQLQIXHODFFXPXODWLRQ
UDWHVDPRQJVWIRUHVWW\SHV,QZHWHXFDO\SWIRUHVWDQGUDLQIRUHVWIXHOVEXLOG
XSUDSLGO\DIWHUÀUHVXFKWKDWWKHUHLVQRZLQGRZGXULQJZKLFKORZIXHOORDGV
SUHYHQWÀUH,QGU\HXFDO\SWIRUHVWIXHOORDGVDUHORZHQRXJKWRLQKLELWÀUH
VSUHDGIRUDURXQGIRXU\HDUVSRVWÀUH,WLVLPSRUWDQWWRQRWHWKDWQRXQEXUQW
SDWFKHVUHPDLQHGLQDUHDVEXUQWXQGHUH[WUHPHZHDWKHUFRQGLWLRQVSULRUWR
RULPPHGLDWHO\DIWHUWKHZLQGFKDQJHRQWK)HEUXDU\LUUHVSHFWLYHRI
ZKHWKHUWKH\KDGEHHQUHFHQWO\EXUQWRUQRW
3ODQQHGEXUQLQJLVOLNHO\WRFRQWULEXWHWRWKHUHWHQWLRQRIXQEXUQWSDWFKHVGXULQJ
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Appendix 3
Conclusions 
/DUJHVHYHUHEXVKÀUHVFDQKDYHDSURIRXQGHIIHFWRQZLOGOLIHDQGHFRV\VWHPVEXW
WKDWHIIHFWLVQRWXQLIRUP9DULDELOLW\LQÀUHVHYHULW\FRQWULEXWHVWRODQGVFDSHKHWHURJHQHLW\
SDWFKLQHVVDIWHUÀUH
8QEXUQWSDWFKHVRIIRUHVWDURVHPDLQO\GXHWRWKHHIIHFWVRIWRSRJUDSK\DQGYHJHWDWLRQ
W\SHRQIXHOPRLVWXUHDQGZHUHPRUHFRPPRQLQJXOOLHVZLWKUDLQIRUHVWDQGZHWIRUHVWWKDQ
LQGULHUIRRWKLOOIRUHVWV,QGU\IRUHVWVUHFHQW\USULRUEXUQLQJFRQWULEXWHGWRWKHIRUPDWLRQ
RIXQEXUQWSDWFKHVXQGHUORZLQWHQVLW\EXVKÀUHEXWDFURVVWKHUHJLRQWKHVHZHUHIHZHUWKDQ
WKRVHDULVLQJ¶QDWXUDOO\·,QH[WUHPHÀUHFRQGLWLRQVQRXQEXUQWSDWFKHVUHPDLQHG
6XUYH\VRIWKHÁRUDDQGIDXQD\HDUVSRVWÀUHUHYHDOHGUDSLGUHFRYHU\ZLWKPRVW
VSHFLHVSUHVHQWZLWKLQWKHEXUQHGODQGVFDSHDOEHLWIUHTXHQWO\LQORZHUDEXQGDQFH
)LUHVHYHULW\LVDNH\LQÁXHQFHRQWKHSRVWÀUHVWDWXVRISODQWVDQGDQLPDOV*UHDWHVW
LPSDFWVJHQHUDOO\RFFXUUHGDWVLWHVWKDWZHUHVHYHUHO\EXUQWFURZQVFRUFKFURZQEXUQ
8QEXUQWIRUHVWSDWFKHVKDYHDQLPSRUWDQWUROHDVUHIXJHVIRUIDXQD7KH\RIWHQ
VXSSRUWHGDJUHDWHUULFKQHVVDQGDEXQGDQFHDQGGLVWLQFWFRPSRVLWLRQIRUIDXQDOJURXSV
FRPSDUHGZLWKEXUQWVLWHV2OGXQEXUQWSDWFKHVLQSDUWLFXODUPD\KDUERXUDJUHDWHU
DEXQGDQFHRIZLOGOLIHIROORZLQJVHYHUHEXVKÀUH
,QFUHDVHGOHYHOVRISODQQHGEXUQLQJFRXOGUHVXOWLQPRUHXQEXUQWSDWFKHVLQGU\
IRUHVWH[SRVHGWREXVKÀUHXQGHUPRGHUDWHZHDWKHUFRQGLWLRQV7KHVHKDYHDVLPSOLÀHG
YHJHWDWLRQVWUXFWXUHFRPSDUHGZLWKORQJXQEXUQWSDWFKHVDQGVRWKHLUYDOXHWRZLOGOLIHPD\
EHOLPLWHG3ODQQHGEXUQLQJSRWHQWLDOO\FRXOGEHXVHGVWUDWHJLFDOO\WRSURWHFWORQJXQEXUQW
VWDQGVHQKDQFLQJDQGSUHVHUYLQJWKHVHYDOXDEOHFRPSRQHQWVRIODQGVFDSHKHWHURJHQHLW\
*LYHQOLPLWHGUHVRXUFHVIRUÀUHPDQDJHPHQWSODQQHGHFRORJLFDOEXUQLQJFRXOGWDUJHW
DUHDVRIUHODWLYHWRSRJUDSKLFXQLIRUPLW\ZKHUH¶QDWXUDO·RFFXUUHQFHRIXQEXUQWSDWFKHVLV
OHVVOLNHO\WRRFFXU
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/LWWOHLVNQRZQRIWKHDELOLW\RIGLIIHUHQWVSHFLHVWRHVFDSHWKHGLUHFWHIIHFWVRIÀUHRUWRVXUYLYH
LQWKHSRVWÀUHODQGVFDSH,JQRUDQFHRIKRZIDXQDXVHUHIXJHVERWKGXULQJDQGLPPHGLDWHO\
IROORZLQJDÀUHLPSDLUVRXUDELOLW\WRLGHQWLI\ODQGVFDSHIHDWXUHVWKDWIXQFWLRQDVUHIXJHV
Succession patterns
$VKRUWDJHRIVLWHVRINQRZQDJHWLPHVLQFHODVWEXUQWDFURVVDFHQWXU\RUPRUH
FRQVWUDLQVRXUDELOLW\WRGRFXPHQWFKDQJHLQWKHVWUXFWXUHRIIRRWKLOOIRUHVWVDQGWKHLU
IDXQDIROORZLQJVHYHUHÀUH
,QWHUDFWLRQRIGURXJKWDQGEXVKÀUH
6HYHUHEXVKÀUHVFRPPRQO\DUHSUHFHGHGE\GURXJKW7KHHIIHFWRISUHFHGLQJGURXJKWRQ
SRSXODWLRQVRISODQWVDQGDQLPDOVDQGLWVLPSDFWRQWKHLUUHFRYHU\DIWHUÀUHLVSRRUO\XQGHUVWRRG
Tree hollows
0DQ\VSHFLHVUHTXLUHWUHHKROORZVIRUVKHOWHUDQGEUHHGLQJHJSRVVXPVSDUURWVEDWV
/LWWOHLVNQRZQDERXWWKHWLPHIRUKROORZVWRGHYHORSRUWKHLPSDFWVRIÀUHLQWKHFUHDWLRQ
DQGORVVRIKROORZVLQIRRWKLOOIRUHVWV
Effects of introduced species 
,QWURGXFHGSHVWVSHFLHVOLNHIR[HVFDWVDQGGHHUZHUHZLGHVSUHDGWKURXJKRXWWKHSRVW
ÀUHODQGVFDSH7KHPDJQLWXGHRIWKHLULPSDFWXSRQUHFRYHULQJYHJHWDWLRQDQGZLOGOLIH
SRSXODWLRQVLVSRRUO\XQGHUVWRRG
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